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ABSTRACT 

Protein modifications by reactive intermediates may have a causal role in cellular 

toxicity but information about which proteins are modified is limited. In order to address 

identification of protein targets a novel method for detection of adducted peptides based 

on adduct-specific fragmentations in tandem mass spectrometry (MS/MS) was 

developed. This method consists of characterizing the MS/MS fragmentation of 

adducted-model peptides to identify adduct specific features and screening MS/MS 

spectra for characteristic features of adduction. 

Benzoquinone (BZQ) and glutathione-conjugated benzoquinone (GS-BZQ) were 

selected as model electrophiles to develop this method and adducts were prepared with 

model peptides to identify characteristic features of adduct fragmentation in MS/MS 

experiments. BZQ-adducted peptides fragmented to give adduct-derived fragments of 

ion pairs of 141/142 and 211 and a neutral loss of 142. GS-BZQ-adducted peptides 

fragmented to give adduct-derived fragments of neutral losses of 74, 129, 273, and 447, 

charged losses of 274 and 448 and ion pairs of 515 and 129. We suggest that these 

adduct-specific fragments can be used to detect adducted peptides. 

Subsequently, the data reduction algorithm SALSA was developed to screen 

MS/MS spectra for spectral characteristics including neutral losses, charged losses and 

ion pairs in order to facilitate adduct detection. SALSA scores multiple types of spectral 

features simultaneously and reports a combined score for each spectrum, and search 

criteria can be arranged in a hierarchal manner for more selective searching. The SALSA 

algorithm was used to screen spectra of a BS A digest treated with GS-BZQ for fragment 
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characteristics of GS-BZQ-adduction, and spectra from six GS-BZQ modified peptides 

were ranked among the top twenty highest scoring spectra. 

Detection of unanticipated peptide modifications is illustrated using the motif-

searching algorithm of SALSA which is described and searches for patterns of product 

ions without regard to precursor m/z or position along the m/z axis. 

Finally, because the effects of adduction may depend on its abundance in the cell, 

a new stable isotope label for differential quantitation of peptide adducts is described. 

Relative quantitation using the label is linear across a 10,000 fold range of concentration 

ratios, standard deviation is less than 20%, and quantitation of multiple peptides in a BSA 

digest is reported. Styrene oxide adducts of hemoglobin are differentially quantified 

using the label and a concentration/adduct curve for the formation of eight peptide 

adducts is plotted. 
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CHAPTER ONE - INTRODUCTION 

Reactive Intermediates and Protein Binding 

A chemical basis for toxicity has been recognized for more than two centuries 

beginning with observations that chronic use of tobacco snuff resulted in increased nasal 

polyps and cancer (i). By the beginning of World War n several hundred compounds 

were known to be carcinogenic (2), but little was known of the mechanism of action. 

However, in the late 1940's Miller and Miller noted that treatment of rats with the 

carcinogenic dye N,N-dimethyl-4-aminoazobenzene resulted in covalent binding of the 

dye or a metabolite to liver proteins (i). Interestingly, no protein binding was observed 

in tissues or species resistant to tumor formation, and carcinogenicity was correlative to 

protein binding. Protein binding by other carcinogens was soon demonstrated at their 

respective sites of action (4,5,6). In light of these new data, but prior to the elucidation of 

the structure of DNA (7) and its identification as genetic material, the Millers proposed 

that modification of critical cellular proteins leads to carcinogenesis (8). However, later 

that same decade, Wheeler and Skipper demonstrated nucleotide alkylation by the 

carcinogen di-(2-chloroethyl)-[''*C]-melhylamine (9), and subsequent work established 

DNA-binding of xenobiotics as a general characteristic of carcinogens (10). Since then, a 

paradigm of chemical modification of DNA as a prerequisite to carcinogenesis has 

dominated the field and overshadowed the importance of protein binding in toxicity and 

disease. 

At the start of the 1970's a body of evidence began to emerge that correlated in 

vivo formation of reactive intermediates and binding to cellular macromolecules. 



18 

particularly proteins, with cellular toxicity. Brodie, Mitchell, and coworkers reported that 

toxicity of bromobenzene was dependent on microsomal enzymes and modulated by 

inducers and inhibi tors  of  these enzymes,  implicat ing react ive metaboli tes  (11,12).  

Brodie et al also noted that protein binding correlated to areas of tissue damage 

suggesting a role in toxicity (12). Similar results were reported by Mitchell, Jollow, 

Potter, and colleagues with work on the analgesic acetaminophen (13,14,15). In these 

studies protein binding was dose dependent, correlated to toxicity, and preceded any 

recognizable necrosis, thus suggesting a causative role. Also, protein binding was 

dependent on cytochrome P-450 activity, thus indicating metabolism of acetaminophen to 

a final reactive species. 

Since these initial studies, the toxicity of reactive intermediates has been well 

documented, and it's generally conceded that protein binding by these reactive 

intermediates may affect toxicity (16,17,18). However, the relationship between protein 

adduction and toxicity is more complex. For example, the regioisomer of 

acetaminophen, 3'-hydroxyacetanilide (AMAP), is not hepatotoxic, yet produces the 

same extent of overall covalent binding as acetaminophen (19). In another instance, 

toxicity was prevented but protein binding remained unaffected (20). 

In order to help elucidate the role of covalent binding in toxicity, our intention 

was to identify protein targets of reactive intermediates on a proteome wide scale. This 

dissertation describes a novel set of methods and software that can be used to identify and 

quantitate protein targets of reactive intermediates. 
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The Progression of Protein Adduct Detection 

Elucidation of the role of protein modifications in cellular toxicity first requires 

identification of the protein targets. Early work by the Millers detected protein 

modification by discoloration of the protein pellet, and the azobenzene dye acted as an 

acid-base indicator (3). Subsequent work with radiolabeled chemicals demonstrated 

overall protein binding (5,6), localization to the site of toxicity (12), and quantitation of 

total protein binding often without knowledge of the ultimate reactive intermediate 

(13,14). Detection of individual protein targets using radiolabeled chemicals showed 

some success (21,22,23), and has recently identified putative targets of acetaminophen 

(24) and 3'-hydroxyacetanilide (25). 

In the mid-1980's immunochemical approaches were applied to adduct detection 

(26), but required previous knowledge of the structure of the adduct. These approaches 

were generally more successful at identifying individual targets (reviewed in (27,18,17)), 

and like the radiolabeled chemicals, immunological approaches enabled quantitation and 

localization of binding within tissues or extracts. 

Application of these techniques to three individual toxicants, diclofenac, 

acetaminophen, and quinone thioethers, follows, and illustrates the correlation between 

toxicity and adduction as well as the advantages and limitations of these detection 

methods. 
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Protein Adducts of Diclofenac 

Diclofenac is a nonsteroidal anti-inflammatory drug that in rare instances causes 

fulminant hepatic necrosis in some patients {28,29,30,31,32). Though the cause of this 

toxicity is still under investigation, formation of a reactive acyl glucuronide and binding 

to critical hepatic proteins is thought to play a role (20,33). Indeed, treatment with 

diclofenac results in a dose and time dependant adduction of only a few discrete proteins 

as determined by western blot analysis with antibodies raised to diclofenac-protein 

adducts and by radiolabeled diclofenac binding to proteins (34,35,36). Also, treatment of 

microsomes with ['"^Cl-UDPGA and cold diclofenac demonstrates similar binding to 

microsomal proteins, thus implicating the glucuronide conjugate (33). However, only 

two of these adducts have yet been identified; the 50KDa band as cytochrome P450 

2C11, and the I lOKDa band as protein dipeptidyl peptidase IV, both in treated rat liver 

samples (37,38). Adduction with diclofenac decreased activity of both proteins. Several 

protein adducts of diclofenac have been localized to the bile canalicular membrane, and, 

more recently, Sallustio and Holbrook described decreased activity of four canalicular 

membrane proteins in vivo after diclofenac treatment (34,39,40). 

Protein Adducts of Acetaminophen 

Acetaminophen (APAP) is another common over-the-counter NS AID that is safe 

at analgesic doses, but in overdose can cause severe liver toxicity, liver failure, and renal 

toxicity. Metabolism and biotransformation pathways of acetaminophen have been well 

characterized and are sunmiarized in a recent review by Bessems and Vermeulen (41). 
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Glucuronidation and sulfation represent the predominant conjugation pathways, but 

acetanfiinophen is also oxidized via cytochrome P450 to N-acetyl-p-benzoquinoneimine 

(NAPQI), the putative toxic species. Toxicity from acetaminophen overdose is 

characterized by a dose dependant centri lobular necrosis (42,43,44,45). Protein adducts 

correlate to hepatotoxicity in a dose and time dependent manner (46,47,13), are detected 

only after a threshold dose is reached, and are present only in tissues exhibiting toxicity 

(48) (49). Immunohistochemical staining of livers from mice exposed to toxic doses of 

acetaminophen showed that protein adducts were localized to the centrilobular region 

(50). As with diclofenac, acetominophen binds to a discrete number of proteins in a dose 

and time dependant manner. Among those identified thus far are a cytosolic selenium 

binding protein (51,52), N-lO-formyltetrahydrofolate (53), subunits of glutamine 

synthetase (51), glyceraldehyde-3-phosphate dehydrogenase (54), and aldehyde 

dehydrogenase (55). Acetaminophen treatment also results in decreased activity of 

several of these enzymes as well as an increase in the activity of glutathione S-

transferase, though adducts of the later have not been identified (56). More recently, a 

broader approach to adduct detection by Qiu el al. putatively identified twenty new 

protein targets of acetaminophen as well as confirmed previously identified ones (24). 

Protein Adducts of Quinone Thioethers 

Conjugation of GSH with reactive quinones occurs catalytically with the aid of 

glutathione S-transferase or through nucleophilic substitution to form quinone thioether 

derivatives. These derivatives have been shovm to be specifically toxic to renal proximal 



tubule cells and the extent of toxicity is directly related to the number of conjugated GSH 

moieties (57,55). y-Glutamyl transpeptidase (y-GT) is required for toxicity, and high 

concentrations of y-GT in the brush border of the proximal tubule likely predispose the 

icidney to toxic insult (59). While the glutathione conjugates have a higher redox 

potential, removal of the glutamate by y-GT may lower this potential, thus enabling 

reoxidation to a more reactive quinone (57,59). Binding of some form of the thioether to 

cellular proteins has been suggested to play a role in toxicity. Indeed, covalent binding to 

cellular macromolecules in the kidney has been described in rats treated with 

bromohydroquinone and treatment with an inhibitor of y-GT decreased both binding and 

toxicity {60). Moreover, an antibody raised against 2-bromo-6-(N-acetylcystein-S-yl)-

hydroquinone and shown to recognize several quinone-GSH conjugates revealed three 

main protein adducts in renal subcellular fractions {61). Qualitative differences in 

immunochemical staining of adducted proteins were observed between sensitive and 

resistant species treated with a tris-GSH conjugate of hydroquinone suggesting that 

protein adduction may be an important factor in toxicity {62). To date, none of these 

targets have been identified. 

Protein Adduct Detection: A Proteomics Issue 

Discrete protein targets were detected for each of the toxicants described above 

using a combination of immunochemical and radiochemical methods. Protein binding 

developed according to dose and time in correlation to toxicity, and in a few instances, 

protein activity was altered with drug administration (38,37,34,39,40). However, most of 
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the detected protein targets remain unidentified with seven adducts of acetaminophen, 

two adducts of diclofenac, and none of the quinone thioethers actually confirmed. Also, 

the significance of confirmed adducts is uncertain, since the sequence contexts of the 

modifications have not been unambiguously discerned. In addition, each of the identified 

adducts were on abundant proteins and detected protein binding generally corresponded 

to areas of dark staining in gels, thus suggesting detection only of abundant proteins 

(35,36,24). While protein adducts of abundant proteins may be important, these results 

suggest that current detection and identification methods miss low abundance protein 

adducts. Finally, with the exception of the recent work by Qiu et al., all confirmed 

protein adducts have been identified through labor-intensive schemes of radiolabel- or 

antibody-based adduct detection, protein purification, and Edman degradation, requiring 

months to a year or more in order to establish the identity of an adducted protein. 

Recently, a proteomics approach was applied to detection and identification of 

adducts of the reactive metabolite of acetaminophen (24). The result was identification 

of twenty new putative targets in a single experiment, nearly three times as many as had 

been confirmed by conventional means over the past two decades. 

Proteomics is concerned with the sensitive, high throughput characterization of 

the protein complement of a genome, the proteome (63). Proteomes are complex protein 

mixtures (a conservative estimate for the size of the proteome in a typical human cell is 

about 20,000 proteins (64)) with a dynamic range for protein expression that can span 

more than six orders of magnitude (65,66). Proteomics approaches must identify proteins 

beyond simple molecular weights and quantify the components in high throughput 
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manner. EVotein adducts of reactive intermediates can be described as a subset of the 

proteome in which they reside, and the noted detection and identification problems are 

similar to those that confront proteome analysis in general. The initial success by Qiu et 

al. demonstrate the improvement of a proteomics approach over conventional approaches. 
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Proteomics Tools For Use In Adduct Characterization 

The main goal of proteomics is to identify and quantify proteins in complex 

mixtures in order to understand cellular functions of proteins. Our goal is to identify 

protein adducts of reactive intermediates in order to understand how protein modification 

affects cellular function and toxicity. As a result, my objective is the development of 

methodologies that allow protein adduct detection and identification. The discussion that 

follows presents a critical view of proteomics methods used for protein identification and 

their applicability to protein modification. A discussion of quantitative proteomics as it 

relates to protein modifications is reserved until Chapter 5. 

The challenges of analyzing complex protein mixtures are the diversity of 

proteins (around 20,000 proteins for human (64)), a large dynamic range of protein 

expression {65,66), and the presence of many posttranslational modifications. A more 

recent challenge of analytical proteomics has been the interpretation of the volumes of 

data generated by high throughput analysis. While a consensus has yet to be reached 

concerning the best method to accomplish whole proteome analysis, a general scheme is 

typically followed: 1) separation and digestion of complex protein mixtures; 2) analysis 

by mass spectrometry; 3) data analysis using bioinformatics software. Fractionation and 

digestion generally serve as precursors to mass spectrometry analysis, and the rationale 

for these will become evident. Mass spectrometry generates information about the 

molecular weights and sequences of peptides and bioinformatics software assigns raw 

mass spectrometry data to individual peptide sequences, thus identifying the proteins. A 

general scheme is shown in Figure 1-1. Several variations of each of these steps exist 
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Figure 1-1; Analytical proieomics overview. 
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and provide multiple dimensions of analysis, but only those most pertinent for use in 

protein adduct identification will be highlighted. Mass spectrometry is discussed here 

prior to separation and digestion methods since the abilities and limitations of these 

instruments dictate the extent of protein separation and digestion required. 

Mass Spectrometry 

MS is the predominate analytical technique for protein characterization in 

proteomics (67,68) and is epitomized by high sensitivity (subfemtomole levels 

(69,70,71)) and high throughput (able to obtain sequence information of a peptide within 

seconds verses hours with Edman degradation (72)). Application of MS to protein 

characterization enables identification, location of posttransiationai modifications, and 

quantitation. 
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MS encompasses various types of instrumentation that all perform one basic task: 

measurement of the mass of a charged analyte. Instruments can be divided into two main 

parts: 1) a source, where ions are generated and volatilized; 2) a mass analyzer that 

measures mass/charge ratio, or m/z. Late in the I980's two ionization techniques, matrix 

assisted laser desorption ionization (MALDI) and electrospray (ESI), were developed, 

which allowed facile analysis of large, nonvolatile molecules, including proteins and 

peptides (73,74). While other ionization methods existed for protein and peptide 

analysis, specifically fast atom bombardment (75,76), ESI was easily coupled to online 

liquid-phase separation methods (HPLC and CE), whereas MALDI proved especially 

adept at ionization of large peptides and proteins (>10,(K)0 amu). Both MALDI and ESI 

are useful techniques for protein characterization, but for reasons that will be discussed, 

we have chosen ESI tandem-MS for adduct characterization. 

MALDI-TOF versus ESI Tandem-MS 

Differences in sample preparation, ionization, and coupling to other techniques, 

between MALDI and ESI warrant a discussion of their usefulness for adduct detection 

and protein identification. MALDI forms mainly singly charged ions from proteins and 

peptides and can ionize compounds of more than one hundred thousand daltons 

(reviewed in (77)). Sample preparation for MALDI analysis requires dilution of the 

analyte with a UV-absorbing solid matrix that is spotted to a plate or probe and ionization 

is accomplished by transfer of laser light energy from the matrix to the analyte (Figure 1-

2) (78,74). Time of flight mass analyzers with extended mass range are typically coupled 
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to MALDI in order to exploit its characteristic production of singly charged high 

molecular weight ions. Production of singly charged ions makes MALX)I especially 

favorable for protein identification by peptide mass mapping (see below), but requires 

protein fractionation prior to MALDI-TOF analysis. Peptide sequence information can 

also be generated using the technique of MALDI-post-source-decay (MALDI-PSD), 

which allows fragmentation of peptides in the mass analyzer region (79). This technique 

would allow localization of an adduct to both a peptide and a single residue while at the 

same time identifying the adducted protein. While this is an option, ions corresponding 

to peptide adducts would not be known at the time of analysis and PSD would need to be 

performed on all ions in the spectrum, greatly increasing analysis time. PSD is also less 

efficient for peptide fragmentation than tandem-MS. Online coupling to 

chromatographic techniques is generally precluded because of the need for matrix and 

laser excitation, limiting the complexity of samples analyzed. 

Matrix 

Probe/plale 

Figure 1-2: General diagram of ionization by MAUDI. 
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In contrast to MALDI, ESI generally produces multiply and singly charged ions 

and analytes are introduced into the source in the liquid phase. Ionization is 

accomplished by placing a large potential difference between a narrow capillary and the 

mass analyzer inlet to produce a fine spray from an analyte solution (Figure 1-3). Solvent 

from the nebulized sample evaporates leaving an excess of charge on the shrinking 

droplet. Coulombic forces build until the droplet explodes producing smaller droplets 

and further evaporation and continues until the analyte is completely desolvated but left 

with a net charge (reviewed in (80)). Ionization of analytes in solution enables coupling 

to HPLC and CE for online separation, thus facilitating analysis of complex mixtures 

including whole cell lysates (8J). ESI can be coupled to high mass range analyzers for 

accurate mass and high resolution analysis, but high molecular weight compounds in ESI 

are typically observed at lower nt/z due to multi-charging. Consequently, ESI is 

Mass Analyzer Inlet 

Solvent Row' • 

High Voltage 

Figure 1-3: General diagram of an electrospray source. 
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commonly coupled to quadrupole or ion trap mass analyzers with a nt/z range of 4000. 

ESI tandem-MS instruments are able to select individual ions for CID and generate 

peptide sequence information for protein identification. Production of higher charged 

states of peptides (doubly- or triply-charged) in electrospray enhances information 

obtained by CID (57). Protein identification by peptide mass mapping has been 

described (82), but generation of multiply charged analytes complicates interpretation. 

With respect to adduct detection and identification in whole proteomes, ESI 

tandem-MS provides significant advantage over MALDI-TOF based on its ability to 

obtain sequence information and handle more complex mixtures. Consequently, ESI 

tandem-MS was chosen to characterize adducts. 

Protein Identification by Mass Spectrometry 

Unambiguous identiHcation of intact proteins currently cannot be performed by 

mass spectrometry, since multiple proteins can share the same nominal mass. Moreover, 

measurements in mass ranges for intact proteins are inherently less sensitive. Instead, 

identification techniques rely on characteristics of peptides derived from digestion of the 

proteins. Two main methods have been applied to proteomics and adduct identiHcation; 

peptide mass mapping and peptide sequencing by CID. 

Proteins differ in amino acid sequence and composition. Cleavage at discrete 

residues produces a precise number of peptides whose mass and amino acid composition 

are related to the original protein. In total, these protein derived peptides create a unique 

mass map of the originating protein and enable identification (Figure 1-4) (83,84,85). 
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Figure 1-4: Example of peptide mass mapping. 

Nevertheless, there are several problems with this approach. First, samples containing 

peptides derived from multiple proteins complicate identification and may require 

fractionation prior to digestion. Also, no sequence information is directly obtained from 

mass measurements of the peptides. In regard to adduct identification, modifications 

would shift the mass of the peptide by the net mass of the modification, but localization 

to a specific residue would not be possible. In complex mixtures, the utility of peptide 

mass information alone is limited since hundreds or thousands of combinations of amino 

acids may produce the same nominal mass with the amino acids of the peptide arranged 

in any sequence. 
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Hunt et al. noted that when peptides are subjected to collision-induced 

dissociation in a mass specU'ometer they tend to fragment at the amide bonds between 

amino acids (Figure 1-5) (86). The subsequent fragments have been designated as bn or 

yn-series ions depending on whether the charge is retained on the N-terminal or C-

terminal side of the fragment, respectively (Figure I-5A) (87). The "n" refers to a 

numbering system beginning at the N-terminus for b„ fragments and the C-terminus for 

y„ fragments. Consequently, the difference between two adjacent bn or yn series ions is 

equal to the residue mass of the amino acid at that point in the sequence (Figure 1-5B). 

Sixteen of the twenty amino acids of which proteins are comprised have a unique residue 

mass. As a result, the peptide sequence can be determined directly from the fragment 

information and is adequate to identify the protein from a sequence database. 

Posttranslational modifications and adducts can be localized to a particular residue with 

this sequence information. In addition, fragment ions derived from peptide modifications 

have been documented (88), and adducted peptides may also produce unique fragments 

signaling their presence in the spectrum. 

Given the two methods of protein identification, peptide sequencing by tandem-

MS provides more specific information about the sequence composition and is more 

amenable to complex mixtures that are likely to arise in a search for adducts. 
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Figure 1-5: Peptide fragmentation by collision induced dissociation in mass 

spectrometry. A) Peptide fragmentation at the peptide bond resulting in bn and yn series 

ions. B) MS/MS spectrum of peptide AGAGCAGAG illustrating peptide sequencing. 
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Data Dependent Scannin^^ 

Data dependent scanning is a feature that allows automated acquisition of MS" 

data based on predetermined parameters. These parameters include an intensity 

threshold, relative rank of the ion to isolate (that is, the most intense, 2'"' most intense,.. 

.), the width of the m/z window to be isolated, the collision energy, and the time allowed 

for collision. Properly set, data dependent scanning can obtain MS/MS data on hundreds 

of precursor ions in a single sixty minute analysis. This automated approach is 

specifically applicable to LC-MS analysis where the analytes entering the instrument are 

in constant flux. This type of data collection method was used exclusively to analyze 

protein digests. 

Separation and Digestion of Proteins 

Cleavage of proteins to peptides is necessary for protein identification by MS. 

However, limitations on the duty cycle of a mass spectrometer allow a finite number of 

peptides to be analyzed per unit time. Temporal separation of peptides decreases the 

number of peptides entering the mass spectrometer per unit time and enables MS/MS of 

more peptides in general. In regard to adduct detection, separation of peptides allows 

minor components of a complex sample a greater likelihood of being subjected to CID. 

Separation of proteins prior to digestion also reduces the complexity of peptide 

solutions and enables peptide mass mapping. Several protein separation techniques are 

available including one and two dimensional gel electrophoresis, preparative isoelectric 
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focusing, reverse phase separation, size exclusion chromatography, and ion exchange 

chromatography, and their place in the overall scheme of protein separation is illustrated 

in Figure 1-6. SDS-PAGE and particularly, 2D-PAGE, has dominated most proteomics 

studies including those interested in protein adducts of reactive intermediates. Because 

of this, the discussion of protein separation will be limited to this technique. 

Protein/Peptide Separation 

Enzymatic Digestion 

HPLC 

Mass Spectrometry 

MW 

Protein mixture 

2D PAGE 

MW 

1 ID PAGE 

-.IVIvjIL 
pi 

Preparanve lEF 
Chromatography 

Figure 1-6: Protein/peptide separation and digestion scheme. 
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Polyacrylamide Gel Electrophoresis 

Two dimensional gel electrophoresis was developed in the mid-1970's and for the 

first time allowed large scale separation of complex protein mixtures (89,90). A 

modification of Laemmli's single dimension system (9/), 2D-PAGE separates protein 

mixtures both by size and isoelectric point allowing resolution of up to 10,000 proteins 

on large format gels (92). Protein detection via fluorescent dyes or silver staining permits 

easy visualization of abundant proteins (>10,(XK) copies/cell), but detection of lower level 

proteins (1,000 to 10 copies/cell) requires loading of high milligrams quantities of protein 

on the gel (93). Co-migration of proteins presents a problem for quantitation and 

identification, and Gygi et al. described detection of up to six proteins in one spot (93). 

Despite the limitations, the resolving capacity of 2D-PAGE makes it an attractive 

technique for detecting protein targets of reactive intermediates. Qui et al. reported 

identification of nearly thirty protein targets of APAP and eight of AMAP using 

radiolabeled compounds (24,25). However, the limitations of this technique are 

exemplified in these experiments. First, although radioactivity was used to locate 

adducted peptides, only high abundance proteins were reported as targets. Most of the 

proteins were identified with only 20-30% sequence coverage indicating poor recovery 

from the gel and spots from multiple gels were pooled. Also, because none of the 

identified peptides contained an adduct and multiple proteins may co-migrate on gels, it 

is unclear whether these proteins are actually modified. The goal of unambiguous 

identification of protein adducts extends beyond simple protein identification and 

requires confirmation of the adducted sequences, a high percentage of sequence coverage 
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of the protein to assure localization of all adducts, and sensitive detection of low 

abundance protein forms. 

Enzymatic and Chemical Cleavage of Proteins 

Cleavage to peptides is necessary for protein identification by mass spectrometry. 

Table 1-1 lists the most commonly used enzymes along with their cleavage specificities. 

Cleavage at discrete residues is necessary for peptide mass mapping, facilitates database 

searching for identification using peptide sequence information, and limits the number of 

peptides produced. Trypsin is the most commonly used protease for protein digestion 

prior MS analysis because it is specific (hydrolyzes amide bonds on the C-terminal side 

of lysine and arginine residues except those preceding proline (94)), robust (cleaves 

insoluble proteins, reversibly inactivated at acid pH, tolerates up to 2 M urea, cleaves in a 

variety of buffers), and produces peptides that are an average length of nine residues (95). 

Peptides of this size (about 1000 daltons) generally form singly- and doubly-charged ions 

while much larger peptides (>2000 daltons) form higher charge slates (triply-charged and 

greater) in ESI. MS/MS information of doubly-charged ions generally provides more 

informative sequence information of peptides and is more amenable for protein 

identification (67). Cleavage with trypsin results in basic residues at the C-terminus of 

every peptide which promotes ionization in MS. 

Frequently, cleavage with a single protease results in poor overall sequence 

coverage of a protein due production of small peptides (<5 amino acids) that elude 

detection (elute in solvent front in LC-MS or below m/z range) or large peptides (>2000 
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Table !•!: Sequencing Grade Proteases 

Enzyme Cleavage Specificity Reference 

Trypsin 

Chymotrypsin 

Endoproteinase 
Glu-C 

Endoproteinase 
Lys-C 

Endoproteinase 
Asp-N 

Endoproteinase 
Arg-C 

Carboxypeptidase 
Y 

C-terminal side of K and R not preceding P 

C-terminal side of Y, W, L, M, A, D, E 

C-terminal side of E, D 

C-terminai side of K 

N-terminal side of D, cysteic acid 

C-terminal side of R 

non-specific cleavage from carboxylic end of 
peptide 

(94) 

(96,97,9S) 

(194) 

{99,100) 

(101,102) 

(103,104,105) 
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daltons) that do not provide informative MS/MS fragmentation. In either case, use of 

multiple proteases can increase overall sequence coverage. Sequential cleavage of large 

peptides with proteases of different cleavage specificity results in smaller peptides that 

are more amenable to sequencing by tandem-MS. Parallel digestion of proteins with 

multiple different proteases results in overlapping peptide sequences and generally 

provides better overall sequence coverage. 

Peptide Separation 

Liquid chromatography coupled to mass spectrometry (LC-MS), especially 

electrospray mass spectrometry, allows direct analysis of complex peptide mixtures (10"* 

peptide sequencing attempts within a 60 minute period (106)) and can reduce the need for 

prior protein fractionation. Apart from the temporal separation achieved by LC, reversed 

phase separation of peptides can increase MS sensitivity 10-20 fold due to concentration 

on column (/07). Sensitivity and sample consumption are further enhanced by reducing 

flow rates to nanoliters per minute and scaling down tubing and columns (108,71). 

Two dimensional chromatography techniques have also been described that allow 

separation of and protein identification from digests containing more than LOO proteins 

(109,110). Here, two orthogonal peptide separation techniques are placed inline with one 

another. Typically, a strong cation-exchange (SCX) material is placed upstream of a C18 

column, and peptides are separated by ionic strength and hydrophobicity. The complex 

peptide digest is loaded onto the SCX material, and a salt solution elutes a fraction of the 

peptides off the SCX and onto the C18 column for reversed phase analysis. Peptides are 
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systematically eluted from the SCX column with progressively stronger salt solutions, 

each followed by reversed phase gradient analysis online to the mass spectrometer. Data 

dependent scanning allows automated selection and CID of precursor ions, and two 

dimensional peptide separations lasting 24 hours are conmion. Recently two dimensional 

analysis of the yeast proteome was performed and nearly 1,500 proteins were identified 

(81). 

Bioinformatics 

The ability of instrument control software and data analysis tools to interpret and 

make rapid decisions about raw data has far surpassed human capacity to carryout these 

tasks. Data collection can be performed more efficiently and provide greater information 

by using software that allows real-time decision making during data acquisition. For 

example, Washburn et al described analysis of an entire yeast proteome and identified 

more than 1,000 proteins (81) using automated data acquisition. The resulting problem is 

that the amount of data collected exceeds the limitations of manual interpretation. 

However, a number of software innovations have been developed that allow rapid, 

automated protein identification from peptide mass mapping and MS/MS sequence data. 

The utility of each will become evident as they are described. 

Sequest® 

Collision-induced dissociation of peptides results in fragmentation at the amide 

bond between amino acids, thus providing sequence information about the peptides and 

enabling protein identification. Interpretation of these MS/MS spectra can be performed 



41 

manually to obtain the peptide sequences and subsequent BLAST searching would 

provide protein identifications. However, MS/MS information from several hundred 

peptides can be obtained in a single sixty-minute analysis, and de novo interpretation of 

all these spectra is impractical if not impossible. 

Sequest performs automated protein identification by correlating uninterpreted 

MS/MS data to theoretical MS/MS spectra generated from translated nucleotide or 

protein databases (111). Figure 1-7 shows the assignment of theoretical fragment ions to 
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RHPYFYAPELLYYANK to MS/MS spectrum from a tryptic digest of bovine serum 

albumin. 
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an MS/MS spectrum. Positive protein identification only requires correlation of one or 

two unique peptides, and, in this example, the peptide is easily assigned to bovine serum 

albumin. Sequest is able to identify multiple proteins in a complex mixture, but because 

MS/MS data are correlated to protein database sequences, only protein sequences in the 

database searched can be correctly identified. This poses a problems for identification of 

novel proteins or proteins from species whose genomes have not been sequenced. 

However, because only a small portion of a protein is necessary for identification, 

Sequest can take advantage of databases of partial sequence information, such as 

expressed sequence tag (EST) databases. 

Peptide modifications can also be detected by Sequest, but only where the mass 

and amino acid specificity are known. These must be explicitly entered into the search 

parameters, and these modifications are assumed not to alter fragmentation of the peptide 

other than shifting the bn and yn series ions by the mass of the modification. However, 

we have noted that peptide adducts do produce adduct-specific fragmentations that can be 

useful in their detection and identification (See Chapter 2&3), but Sequest is unable to 

utilize these data. Sequest is unable to correctly correlate spectra of peptides containing 

unanticipated modifications to database sequences. 

Other protein identification programs have been developed and are listed along 

with brief summaries in Table 1-2. Of these, only Mascot can be used in a high 

throughput and fully automated manner. Differences between Mascot and Sequest lie in 

their method of scoring and ranking the best protein match. 
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Table 1-2; List and brief description of other protein identification programs based on 
peptide MS/MS data. 

Program Description Reference 

PepSea 
A user-defmed peptide mass tag selected from 
MS/MS spectra and used to search protein 
databases 

(//2) 

PepFrag and MS-Tag 
Uses peptide fragment information and user 
selected accurate mass tags to search protein 
databases 

U13,114) 

Mascot 

Peptide MW, fragment information, and amino 
acid sequence data are used to search protein 
databases and matches are assigned statistical 
significance. 

U15) 

Peptide Mass Mapping 

Cleavage of proteins at discrete residues produces a precise number of peptides 

whose masses construct a map of the originating protein and allow identification. In 

1989 a computer program, FRAGFIT, showed that peptide maps could be used to search 

databases to facilitate protein identification, and the program was later applied to 

MALDI-TOF data (85). Since then several other algorithms have been written for 

protein identification by mass mapping (Table 1-3), and though the general concept of 

protein identification is similar, scoring regimes vary to minimize false matches. Most 

algorithms base scoring on the number of observed peptide masses that match theoretical 

peptide masses from a protein in the database (PepSea, MOWSE, MS-FIT) (/i6) This 
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simple method is generally useful but scores are biased toward larger proteins. In 

MOWSE all peptide matches contribute to the final score, but the score of individual 

peptide matches is adjusted to reflect its frequency of occurrence in the database which 

increases selectivity in the final score (117). MOWSE also divides scores by an average 

protein molecular weight in order to minimize bias toward high mass proteins. MS-FIT 

is based on MOWSE scoring but allows inclusion of more precise peptide mass 

information (±10-I00ppm) which minimizes false hits and decreases the number of 

peptide matches required for protein identification (J 14). The preceding approaches rank 

protein matches based on arbitrary scoring regimes that do not describe the significance 

of the match. Other algorithms apply statistical approaches to define the reliability of 

each match. Mascot peptide mass mapping is based on the MOWSE algorithm but 

reports the probability of peptide matches occurring by chance in the sequence database 

and ranks matches by decreasing probability of a random match (115). This approach 

was shown to be relatively tolerant to less precise peptide mass information (500 ppm). 

Mascot is also a fully automated searching algorithm. Profound uses Bayesian theory to 

rank protein matches by their probability of occurrence in the database and incorporates 

information about protein sequence, amino acid tags, sequence patterns, and distribution 

of mass error (118). Profound is also capable of identifying proteins from binary 

mixtures. 
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Table 1-3: List and brief description of protein identification programs based on 
peptide mass mapping. 

Program Scoring method Reference 

PepSea 
Based on number of detected peptide masses that match 
the theoretical peptides masses from a protein in the 
database. 

U16) 

MOWSE 
The score of peptide matches are adjusted based on 
frequency of occurrence in the database and final score is 
normalizes to average protein molecular weight. 

UlT) 

MS-HT 
Based on MOWSE scoring algorithm but allows 
inclusion of precise peptide mass information (±10-100 
ppm) 

014) 

ProFound 
Uses Bayesian theory to rank sequences in the database 
based on prob. of occurrence and allows incorporation of 
supporting information. 

U18) 

Mascot 
Modification of MOWSE algorithm where matches are 
ranked based on decreasing probability of a random 
match. 

U15) 
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A Novel Approach To Adduct Detection 

Protein adducts of reactive compounds likely contribute to toxicity {18,17), but 

the precise mechanisms are still unclear. Previous work suggests that specific protein 

targets are modified based on the characteristics of the reactive compound (119,19), 

despite the complexity of the proteome. Detection of adducted peptides is traditionally 

accomplished using radiolabeled chemicals or antibodies raised against the adducts. 

However, sensitivity of adduct detection using radiolabeled chemical is limited by the 

specific activity of the radioisotope, difficulties in synthesis and handling, and safety 

issues that preclude use in human subjects. Though immunochemical approaches have 

generally been more successful, antibodies may vary in their recognition of adducts and 

bind nonspecifically. Neither approach by itself is able to unambiguously identify the 

adducted protein or localize the site of modification. 

In order to establish the role of covalent binding in toxicity, it is necessary to 

understand which proteins and what residues are modified and in what quantities. Our 

overall objective was to develop a novel mass spectrometry-based set of methods for 

identification of protein adducts of reactive compounds. My specific objectives were as 

follows: 

1) Synthesize and characterize the fragmentation of adducted model peptides. In 

accord with other peptide modifications (88), we expected that adducted peptides 

would produce adduct speciHc fragments in the MS/MS spectrum that could be 

used as unique markers to locate an adducted peptide despite sequence context, 

and the sequence information obtained would allow localization of the adduct at a 
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particular residue and identification of the protein. Chapter 2 and 3 of this paper 

describe this approach in ideal and actual conditions. 

2) Develop software for searching MS/MS spectra for adduct-specific markers. 

Chapter 4 describes the search algorithm SALSA that allows simultaneous 

searching of multiple spectral characteristics or sequence motifs and is applied to 

adducted peptides. 

3) Develop methods for quantifying peptide adducts. Chapter 5 describes a novel N-

terminal label that allows relative quantitation of any peptide or modified peptide 

in a complex mixture. The method is validated and its usefulness demonstrated 

by plotting a concentration/adduct curve for the formation of multiple styrene 

oxide adducts of hemoglobin in vitro. 
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CHAPTER TWO - CHARACTERIZATION OF THE FRAGMENTATION OF 

BENZOQUINONE ADDUCTED MODEL PEPTIDES 

Introduction 

The organic solvent benzene has utility in chemical industry and in 

manufacturing, and non-occupational exposure is due to automobile exhaust, gasoline 

vapors, and smoking (720). Benzene exposure has been associated with several 

hematotoxicities including anemia, leukopenia, thrombocytopenia, and aplastic anemia, 

and several forms of leukemia {121). 

Benzene is metabolized in the liver by P450 dependent mechanisms to several 

intermediates including phenol, hydroquinone, benzenetriol, and catechol. Peroxidases 

or autoxidation further convert these metabolites to 1,4-benzoquinone (BZQ), 1,2-

benzoquinone, and hydroxy-1,4-benzoquinone, respectively {122). Secondary 

metabolism of the phenolic metabolites in the bone marrow has been described through 

peroxidase-based pathways {123,124), and may be the reason for this pattern of tissue 

susceptibility. 

The mechanisms of acute toxicity and leukemogenosis are unclear, but protein 

modification by 1,4-benzoquinone is hypothesized to mediate toxic effects. Binding to 

bone marrow proteins by benzene was first reported by Snyder et al. using ['^C]-benzene 

{125). Subsequent work has shown that the majority of in vivo bone marrow protein 

adducts form at cysteine residues, and that the most prominent metabolite was 1,4-

benzoquinone {126). BZQ has also been shown to inhibit the catalytic activity of SH-
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dependent proteins including calpain (727) (responsible for proteolytic activation of 11-la 

and Il-ip (128,129)) and topoisomerase II (130,131) (catalyzes the relaxation of 

supercoiled DNA through double strand cleavage, uncoiling, and religation). 

Inhibition of topoisomerase II has also been suggested as a possible mechanism of 

leukemogenosis. In support of this, benzene exposure has been shown to cause DNA 

strand breaks (132) and a common translocation found in high frequency in many human 

leukemias possesses a topoiosomerase II cleavage site (133). Most convincing is that 

other inhibitors of topoisomerase II, epipodophyllotoxins, have been shown to produce 

secondary acute myelogenous leukenuas (134). However, binding to histones (135) and 

tubulin (136) and disruption of microtubules (137,136) have also been described and can 

cause genetic aberrations. 

1,4-Benzoquinone was selected as a relevant model toxicant to develop 

methodologies for detection and identification of adducted peptides. Here 1,4-

benzoquinone-adducted model peptides are characterized by tandem-MS with CID in 

order to establish patterns of adduct fragmentation. The generation of peptide S-cysteinyl 

adducts from benzoquinone is illustrated in Figure 2-1. The objective of this work was to 

O 

0 I HS-peptide HO 

S 

O 

Figure 2-1. Reaction of benzoquinone with peptide cysteinyl thiols to form 5-

cysteinylbenzoquinol adducts. 



identify unique characteristics in the spectra of benzoquinone-modified peptides that are 

not present in the spectra of the corresponding unmodified peptides. These markers 

could then be used in high throughput tandem-MS analyses to identify protein targets of 

benzoquinone in complex mixtures. 
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Experimental Procedures 

Caution 

Benzoquinone and silver oxide are highly toxic and should be handled in accordance 

with NIH guidelines (138). 

Chemicals and Peptides 

Cortical androgen-stimulating hormone (sequence EDVSAGEDCGPLPEGGPE) 

and frog atrial natriuretic peptide-24 (Frog24) (sequence SSDCFGSRIDRIGAQSGMG 

CGRRF) were obtained from Peninsula Laboratories, Inc. (Belmont, CA). Oxytocin, 

sequence CYIQNCPLG-NH2, urinary trypsin inhibitor fragment (sequence RGPCRAFI), 

bovine serum albumin (BSA), hydroquinone and silver oxide were obtained from Sigma 

(St. Louis, MO). PepC (sequence AGAGCAGAG) and TpepC (sequence 

AVAGCAGAR) were synthesized by Genosys (The Woodlands, TX). Tris(2-

carboxyethyO-phosphine (TCEP) was obtained from Pierce (Rockford, IL). Modified 

porcine sequencing grade trypsin was obtained from Promega (Madison, WI). 

Synthesis of Benzoquinone 

Hydroquinone was dissolved in acetonitrile to a concentration of 50 mM. An 

excess of silver oxide was added and the solution was agitated with a vortex mixer for 

one minute. The yellow solution was then passed through a 0.2 micron polyvinylidene 

fluoride filter and stored under argon and at 4°C until used. 
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Synthesis of Benzoquinone Adducts of Peptides 

Peptides were dissolved in distilled water to a concentration of O.l mg mL"' and 

transferred to a vial purged with argon. A six-fold molar excess of benzoquinone was 

added through the septum with gentle stirring, and the solution then was incubated for 3 

hours at 37°C. The solution was then diluted to 0.05 mg mL"' peptide and TCEP and 

trifluoroacetic acid (TFA) were added to final concentrations of 5 mM and 0.1%, 

respectively for analysis. 

Enzymatic Digestion of Peptides and Proteins 

Bovine serum albumin (BSA) was dialyzed against water and then diluted to 10 

mg mL"' in 8 M urea, 0.4 M ammonium bicarbonate and 4 mM TCEP. The BSA solution 

was heated at 50°C for 45 minutes prior to a 1:4 dilution with water. A 1:50 ratio w/w of 

modified sequencing grade trypsin to protein was added and the solution was incubated at 

37°C for 18 hours. Frog24 was dissolved in 0.2 M ammonium bicarbonate pH 8.0 with 5 

mM TCEP to a peptide concentration of 1.25 mg mL"' and incubated at room temperature 

for 30 min, then digested in a similar manner, but without prior dialysis. A 1:50 ratio 

w/w of trypsin to protein was added and the mixture was incubated for 20 hours at 37°C. 

Digests were adjusted to pH 6 to minimize prominent side reactions under neutral and 

basic conditions and treated with benzoquinone as described above. 
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MS of Peptides 

LC-MS was performed on peptides, peptide adducts and tryptic digests with a 

Finnigan-MAT LCQ instrument equipped with a Spectrasystem TSP P4000 HPLC and 

AS3000 auto sampler (Finnigan MAT, San Jose, CA). Automated acquisition of MS/MS 

spectra was done by data-dependent scanning with Finnigan Excalibur™ software. Total 

run time was set to 40 nunutes. Peptides were analyzed on a Vydac Proteins and 

Peptides CIS microbore column (Vydac, Hesperia, CA) eluted with 

ACN/water/HCOOH/TFA (1/99/0.1/0.0085, v/v/v/v) for 3 min, which then was 

programmed to 85% acetonitrile over 27 min and held for 10 min. A flow rate of O.l mL 

min"' was achieved with a splitter tee upstream of a Microm Magic flow splitter box. 

Data dependent scanning was performed with a default charge state of 2, an isolation 

width of 3.0 amu, an activation amplitude of 40.0%, an activation time of 30.0 ms, and a 

required minimum signal of 75(XX) counts. Global dependent data settings were an 

exclusion mass width of 3.0 amu, a reject mass width of 3.0 amu, with dynamic exclusion 

enabled, a repeat count of 1, a repeat duration 1.0, an exclusion duration of 5.0 min, and 

an exclusion mass width of 3.0 amu. The scan event series included one full scan with 

mass range 4(X).0 to 2(X)0.0 Da, followed by three dependent MS/MS scans of the most 

intense ion. Capillary temperature, sheath gas pressure, and auxiliary gas pressure were 

2(X)°C, 84, and 32, respectively. 

MS/MS/MS (MS^) experiments were performed on the same instrument with flow 

injection and flow splitting as described above. The mobile phase was 

acetonitrile/water/HCOOH/TFA (50/50/0. l/0.CX)85, v/v/v/v). The isolation mass width 
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for precursor and product ions was set to 1.5 and 0.5 amu, respectively. The precursor 

and product ion activation amplitudes were set to 40 and 30%, respectively. 
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Results 

CID of Non-Tryptic Model Peptides 

Non-tryptic model peptides were chosen to contain at least one cysteine residue 

and have molecular weights less than approximately 2 KDa, to facilitate fragmentation in 

CID. Model peptides were alkylated at the cysteine sulfur with benzoquinone to produce 

S-benzoquinol adducts (Figure 2-1). CID experiments were performed in order to 

determine fragmentation characteristics of the modified peptides. A modification made 

by adduction of the cysteine residue by benzoquinone is likely to alter the CID spectrum 

and may produce product ions that are characteristic of benzoquinone modification. 

Figure 2-2 depicts the CID spectra of singly charged ions of unmodified FepC, a 

synthetic peptide with sequence AGAGCAGAG {nt/z 634) and benzoquinone-modified 

PepC (m/z 742). The unmodified peptide spectrum is dominated by bn ions, and the 

peptide sequence is nearly complete with ions bs^ through bg* present. An ion pair of 103 

Da from b4^ (m/z 257.9) to bs^ {m/z 360.2) indicates cleavage of the cysteine residue. A 

net addition of 108 Da is expected for each benzoquinone adduct. CID was performed on 

m/z 742, the singly charged ion from addition of one benzoquinone to the peptide (Figure 

2-2B). This spectrum is also dominated by bn ions and provides nearly complete sequence 

information with ions b4^ to b9^ present. The m/z of all the bn ions are shifted by 108 Da 

from the unmodified spectrum until the point where fragmentation occurs on the N-

terminal side of the cysteine residue, b4. The ion pair from bs^ {m/z 468.0) to b4^ (m/z 

256.9) is 211 Da and corresponds to loss of a hydroquinone modiHed cysteine residue. 



56 

10CH 

90^ 

80f 

70  ̂
8 : 
§ 60-

S 50^ 
S i 
I 4(H 
« i 

3(H -f 
3 

2Chq 

10  ̂-1 

[M+Hl^eaa? 

634.3 

bs 
360.2 

b6 
431.0 

359.5 
b3 

200.0 
y-« 

2749 

^ 2 56^ 
y: 

1470 '®0.7 
• ^ ' 

2325 b4 ; 332.0 
i : i ' ; ! 

.1 ,.i.i JlJ j.f 4:^ 

402.8 

UjalL 

o  ̂
b 7 488.1 
470.1 

4 3 1 . 9  I  

435.5 
> .1i .aifc 

489.5 

l i  l y  

bs 
558.9 

8 I yg bg 
540.91560.4 615.9 

ii 5632 

635.3 

636.1 

636.7 

B 
100 150 200 250 300 350 

m/z 
400 450 500 

100^ 

90  ̂

80  ̂
4 

70H 

s 5 S 60^ 

I 50^ 

o 40-; (E 3 
30^ 

20^1 
3 

-t 
0  ̂

550 

b-g 
649.1 

600 650 

507.1 

b°7 
578.1 

397.0 
bs 

468.0 

bg 
6670 

379.2 : 

3 223.8 bj 
-« I T. 

268.9 ®  ̂® 339.9 
I i ifi ^ ' Ji M, (LW ih. .iA, .» 1.11 ,Jii 

436.1 
' 399.1 ; 

1.J ...i iLi 

i . o 539.0 | b 6  j  
I 521.1 I 

4 9 3 . 9  I  ,  I .  

b7 648.1 

I 596.0 622.0 

i' 1 i 551-0 1 
..ill., tj ,i 11.1 Ji il i-1. 706.1 723.9 

250 300 350 400 450 500 550 600 650 700 
m/z 

Figure 2-2. MS/MS spectra of (A) the unmodified model peptide PepC (CID of m/z 

634) and (B) BZQ-modifled PepC (CID of m/z 742). m/z 525, 507,397, and 379 are 

internal fragments verified by MS^ (data not shown). Signals for b-series fragment ions 

are indicated (b° ions correspond to loss of water from the corresponding b ion. 
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An ion pair of 142 Da is also noted from bs* {m/z 468.0) to m/z 325.9 (Figure 2-2b). The 

325.9 fragment is absent in the unmodified spectrum and is attributed to further 

dissociation of bs^ with ^-elimination of benzoquinol-SH as a neutral fragment. MS^ 

experiments, in which CID was performed on product ions m/z 667,649, 596, 578, 539, 

521, and 468 from the precursor m/z 742 verified the presence of a hydroquinone-

modified cysteine on these fragments by a similar neutral loss of the 142 Da benzoquinoi-

SH fragment (data not shown). Three other cysteine containing non-tryptic peptides 

were modified and characterized by CID. The ion pairs corresponding to loss of the 

benzoquinol-SH (142 Da) or the benzoquinol-modified cysteine (211 Da) are listed in 

Table 2-1. Each of these peptides demonstrates either one or both ion pairs allowing 

unambiguous identification of the adduct at the cysteine residue. 

CID of Singly Charged Ions from Tryptic Model Peptides 

Trypsin is a specific and robust enzyme that is widely used to cleave proteins at 

lysine and arginine residues prior to sequence analysis by MS. The presence of arginine 

and lysine residues at the C-terminus of a peptide may affect charge localization due to 

the basicity of the side chains and has been shown to affect the fragmentation of peptide 

ions (139,140,141). In addition, my future studies of chemical adduct localization in 

proteins will most likely involve analysis of tryptic peptides. Therefore, tryptic peptides 

and benzoquinone-modified tryptic peptides were analyzed separately in order to 

characterize their CID properties. Cysteine containing tryptic model peptides were 

synthesized or prepared by enzymatic digestion of BSA or Frog24 to yield peptides with 
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Table 2-1: Unique ion Pairs and Neutral Loss for Benzoquinone-Adducted Model Peptides 

CIDm/k CHARGE lon Pair 
141/142 

Ion Pair 
211 

NL142 

NON-TRYPTIC PEPTIDES 
AGAGCAGAG 742.0 + b5-325.9 b5-b4 
CYIQNCPLG-NH2 614.0 ++ b6-799.5[399.8] b6-b5 
EDVSAGEDCGPLPEGGPE 933.4 ++ 

b6-799.5[399.8] 
b9-b8 

RGPCRAFI 514.1 ++ b4-383.1 b4-b3 
TRYPTIC PEPTIDES 
SSDCFGSR 966.6 + y5-535.4 y5-y4 824.4 
IGAQSGMGCGR 1144.6 + 1002.6 
SSDCFGSRIDR 1350.7 + 1208.7 
AVAGCAGAR 883.4 + y5-y4 741.3 
SHGIAEVEK 1123.4 + y7-758.9 y7-y6 981.6 
SLHTLFGDELCK 1471.5 + b11-1183.4 bll-blO 1328.4 
LCVLHEK 949.4 + 807.3 
GACLLPK 809.4 + 667.3 
MDCTEDYLSLILNR 1775.6 -t- y12-1405.6 1634.6 
LFTFHADICTLPDTEK 980.8 ++ y8-y7 910 
LKPDPNTLCDEFK 814.7 ++ 

y8-y7 
744 

LKPDPNTLCDEFKADEK 1036.3 -M- y9-y8 965.4 
DAIPENLPPLTADFAEDKDVCK 1255.3 ++ 

y9-y8 
1184.8 

DDPHACYSTVFDK 803.6 ++ y8-y7 732.2 
NECFLSHKDDSPDLPK 977.2 ++ 

y8-y7 
905.8 

YICDNQDTISSK 748.2 -M- y10-y9 
RPCFSALTPDETYVPK 966.5 ++ 

y10-y9 
895.6 

ECCDKPLLEK 697.6 ++ y8-y7 626.5 
SHGIAEVEK 562.4 ++ b3-294.1 y7-y6.b3-b2 
TCVADESHAGCEK 783.6 -M- bll-blO 712.3 
IGAQSGMGCGR 573.6 -M- 502.7 
SSDCFGSRIDR 676.3 -M- 887.5-745.5 1044.5-833.5 605.1 
AVAGCAGAR 442.3 -M- y5-y4, b5-b4 

Numbers in [ ] are double charged 
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C-terminal arginine or lysine residues. Peptides were modified at the sulfur of the 

cysteine residue with benzoquinone after digestion and CID experiments were performed. 

Modified BSA peptides were not purified following tryptic digestion, but were analyzed 

instead in a single LC-MS experiment together with unmodified BSA peptides using data 

dependent scanning on the LCQ. 

The product ion spectrum from CID of the singly charged ion of a representative 

tryptic peptide, tryptic PepC (TpepC) with sequence AVAGCAGAR (m/z 775), provides 

several bn and yn ions of the unmodified peptide (Figure 2-3A). The ion pair separated by 

160 Da from ye"*" (the -GCAGAR fragment ion, nt/z 534.2), to y4'^ (the -AGAR fragment 

ion, m/z 374.0), indicates that the cysteine residue is unmodified. CID was also 

performed on the singly charged ion of benzoquinone-modified TpepC at m/z 883. An 

increase in mass of 108 Da from the unmodified TpepC indicated addition of one 

benzoquinone to TpepC, and the sequence coverage is similar to that of unmodified 

TpepC (Figure 2-3B). The m/z of the bn and yn ions are shifted by 108 Da for ions 

containing the cysteine residue indicating modification at cysteine. Again, the ion pair of 

211 Da from ys^ (m/z 585.3) to y/ {m/z 374.2) denotes a hydroquinone-modified cysteine 

residue. The -AGAR fragment ion, y/, does not include the modified cysteine residue. 

Thus, it has the same m/z as the unmodified y4^. 

A significant fragment ion at m/z 741 was observed in the CID spectra of both 

modified and unmodified TpepC, but this ion does not arise from a fragmentation of the 

peptide bond. In the spectrum of the unmodified peptide, the ion occurs as a loss of 34 

Da from the precursor and results from neutral loss of SH2 from the side chain of the 
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Figure 2-3. Tandem mass spectra of (A) the unmodified model peptide TpepC 

(AVAGCAGAR; CID of m/z 775.0) and (B) benzoquinone-modified TpepC 

(CID of m/z 883.4). 



cysteine residue (Figure 2-3 A). Subsequent MS^ analysis of product ion m/z 741.4 has 

shown this assignment to be correct (data not shown). In the spectrum of the modified 

peptide, mJz 741.3 is attributed to dissociation of hydroquinone, sulfur and a hydrogen 

(HQ-SH) from the precursor. Indeed, the MS"* spectrum of this product ion at m/z 741.3 

from the modified peptide was similar to that of the m/z 741.4 fragment from the 

unmodified peptide, verifying that the loss of 142 Da from the modified peptide is a 

neutral loss of HQ-SH. A similar loss of 142 Da from the precursor is not present in the 

spectrum of the unmodified peptide. Thus, a neutral loss of 142 from the singly charged 

TpepC is characteristic of the benzoquinone-adducted cysteine residue. 

The neutral loss of 142 Da is not exclusive to TpepC. We characterized eight 

other singly charged benzoquinone-modified BSA and Frog24 tryptic peptides by CID. 

All eight demonstrated the same loss of 142 Da from the precursor ion. Ion pair and 

neutral loss information are listed in Table 2-1. 

CID of Doubly Charged Ions from Tryptic Model Peptides 

Doubly charged benzoquinone-modified tryptic peptides demonstrated slightly 

different CID characteristics. The loss of 142 Da seen in the CID spectra of singly 

charged peptide adducts and producing a singly charged ion was not observed. However, 

a 142 Da neutral loss from a doubly charged ion would not produce a singly charged 

product ion, but instead a doubly charged product ion 71 Da less than the precursor. The 

CID properties of 14 benzoquinone modified tryptic peptides derived from BSA and 

Frog24 were characterized. An example of the CID spectra obtained from a doubly 
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charged peptide and its benzoquinone adduct is shown in Figure 2-4. The CID spectra of 

both modified and unmodified Frog24-2 peptide (sequence IGAQSGMGCGR), m/z 

573.6 and 519.3, respectively, provide nearly complete sequence information (Figure 2-

4A & 4B). Although sequence information surrounding the cysteine residue is not 

present, the ys* ion in the modified spectrum confines the adduct to the -CGR segment of 

the peptide (Figure 2-4B). A fragment ion at m/z 501.6 was not attributable to any 

peptide bond dissociation. MS^ analysis of m/z 501.6 ion showed it to be a doubly-

charged fragment and the 71 Da difference represented a loss of 142 Da from the double 

charge precursor, corresponding to neutral loss of HQ-SH. Of the spectra from the 

thirteen other doubly charged tryptic peptides obtained, eleven demonstrated a 71 Da 

difference from the precursor ion. Ion pair and neutral loss information are listed in 

Table 2-1. 
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Figure 2-4. Tandem mass spectra of (A) the unmodifled doubly charged tryptic 

model peptide Frog24-2 (IGAQSGMGCGR; CID of m/z 519.3) and (B) 

benzoquinone modified Frog24-2 (CID of m/z 573.6). 
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Discussion 

Identification of protein adducts of environmental chemicals has been an elusive 

goal. I am developing MS methods to identify modified proteins in complex mixtures. 

Fragmentation of peptide ions in CID is largely dependent on structure. Amino acid 

modifications such as phosphorylation and glycosylation have been demonstrated to 

produce characteristic fragments in CID that are useful in their identification {142). 

Several previous studies have established the utility of tandem MS for characterizing 

adducts of model peptides and proteins (MJ,144,145,146,147,148). In contrast to these 

studies, this work is directed at identifying tandem MS fragmentation characteristics that 

would be of predictive value for adduct detection in a variety of peptide adduct sequence 

contexts. Here I have described just such markers for peptide cysteinyl adducts of 

benzoquinone. My focus on cysteinyl adducts is based on extensive previous work 

documenting the reactions of quinones and related compounds in biological systems 

(18,149,150). 

This report describes the fragmentation characteristics of benzoquinone adducts 

at cysteine residues of 23 different peptides in both single- and double-charge states. 

Each of the peptide adducts studied provided enough bn and yn ions to allow at least 

partial sequencing of the peptide. Furthermore, the sequence information allowed 

unambiguous localization of the modification to the sulfur of the cysteine residue. Figure 

2-5 summarizes the principal fragmentations of benzoquinone-adducted tryptic peptides 

that establish the presence of 5-cysteinyl benzoquinone adducts. An ion pair separated by 
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211 Da resulting from differences in b„ and yn ions was identified as fragmentation at tiie 

peptide bond on either side of the benzoquinone-modified cysteine residue. This ion pair 

was found in MS/MS spectra of greater than half of the peptide adducts analyzed. 

Although not exclusive for benzoquinone modification, its presence can be interpreted in 

combination with other characteristic markers described in this paper to better predict the 

presence and location of S-cysteinyl benzoquinone adducts. 

In addition to the adduct-derived ion pairs, HQ-SH is lost from the precursor ion 

of tryptic peptides. This loss results in product ions 142 and 71 Da less than the singly 

and doubly charged precursors, respectively. These losses are not typical peptide 

fragments and were not present in the spectra of the unmodified peptides. Although these 

losses match the residue mass of some amino acids, they do not correspond to losses of 

any amino acids from the intact precursor. Also, the same product ion was observed in 

the spectra of unmodified peptides, but was identified as loss of SHz from cysteine. Even 

though the same product ions are observed in both modified and unmodified spectra, the 

magnitude of the loss from the precursor (that is, loss of 142 or 71 Da versus 34 Da) is 

different and, therefore, distinct. This loss was shown to be highly characteristic of 

adducts with 11 of the 14 doubly charged peptides and 9 out of 9 singly charged peptides 

studied producing the 142 Da neutral loss. 

In this chapter, a distinction was made between tryptic (peptides with C-terminal 

lysine or arginine) and non-tryptic peptides due to their fragmentation characteristics in 

CID. Neutral loss of HQ-SH only occurs in peptides with C-terminal lysine and arginine 

residues, although the reason for this is unclear. The basicity of the C-terminal residues 



66 

has been shown to cause preferential cleavage at specific residues, aspartate and 

glutamate, due to charge localization and gas phase chemistry in the mass spectrometer 

(140,141). This phenomenon may play a role in fragmentation of benzoquinone adducts 

and merits further investigation. 

These data collectively demonstrate that S-cysteinyl benzoquinone adducts 

display three characteristic fragmentations in MS/MS: I) a neutral loss of 142 Da 

corresponding to 3-elimination of the benzoquinol-SH moiety from the precursor ion, 2) 

an ion pair separated by 211 Da corresponding to the adducted cysteine residue in either 

the bn or yn ion series, and 3) an ion pair separated by 142 Da corresponding to P-

elimination of benzoquinol-SH from an adducted cysteine residue in either a bn or y„ ion 

series fragment. MS/MS spectra of each of the peptide adducts demonstrated at least one 

of these markers for a benzoquinone adduct while most showed two or more. 

Although the MS/MS spectral features described above can be diagnostic for 

adducts, not every feature appears in the MS/MS spectrum of every adduct. Moreover, 

ion pairs of either 142 or 211 Da may occur in the spectra of unmodified peptides. (The 

142 Da neutral loss from the precursor does not occur in typical peptide fragmentation 

and is much more specific for the adduct.) Thus, no single tandem MS characteristic can 

reliably detect all adducts. Likewise, adduct-related characteristics may occur in the 

MS/MS spectra of unadducted peptides. Standard tandem MS scanning approaches, such 

as constant neutral loss scans and precursor scans thus would be of limited utility in 

detecting adducts. To overcome this problem, a data-reduction algorithm was developed 

to identify peptide adducts by detecting multiple adduct-related features in MS/MS 
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spectra. However, the effective application of such an algorithm first requires the 

detailed elucidation of adduct-related fragmentation, as we report here. 

In this work, several adducted BSA peptides were identiHed from a mixture in a 

single LC-MS experiment. I expect that benzoquinone adducted peptides could be 

identified in complex mixtures on the basis of characteristic adduct-related features. 

Furthermore, because sequence information can be concurrently obtained from the 

MS/MS spectra, the same data would allow localization of adducts to specific residues, 

subsequent database searching, and identification of the adducted protein(s). Recent 

developments in techniques such as nanospray and "peak parking" have made it possible 

to obtain MS/MS spectra for hundreds of peptides in a single HPLC run, which would 

allowing mining deep into the proteome and characterization of minor components {151). 

Adduct specific markers thus should facilitate the selective detection and identification of 

benzoquinone-adducted proteins in complex mixtures and biological samples. 
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Figure 2-5. Fragmentation pathways for 5-cysteinylbenzoquinoI peptide adducts in 

MS/MS. Fragmentations observed for the 5-cysteinylbenzoquinol adduct of TpepC 

are shown. Pathway A depicts ^-elimination of benzoquinol-SH from an adducted 

cysteine residue in either a bn or yn ion series fragment to yield an ion pair separated 

by 142 Da. Pathway B depicts the loss of an adducted cysteine residue in either the 

ba or yn ion series to yield an ion pair separated by 211 Da. Pathway C depicts P-

elimination of a benzoquinol-SH fragment to yield a neutral loss of 142 Da from the 

precursor ion. 
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CHAPTER THREE - CHARACTERIZATION OF THE FRAGMENTATION OF 

GSH-CONJUGATED BENZOQUINONE AND THE SEARCH FOR ADDUCTS IN 

RAT KIDNEY SUBCELLULAR FRACTIONS 

Introduction 

Hydoquinone (HQ) is a common chemical used in the photographic and rubber 

industries, is found in cosmetics and cigarette smoke (152), and is a metabolite of 

benzene and phenol (153). Glucuronide and sulfate conjugation comprise the majority of 

HQ metabolism (154,155), but metabolites arising from glutathione conjugation have 

been described (156) and are of particular interest due to their potency and specificity as 

nephrotoxins (157,57,58). 

Oxidation of hydroquinone to 1,4-benzoquinone occurs through peroxidase-

mediated pathways (122), cytochrome P450-mediate pathways (58), interaction with 

reactive oxygen species (158), and autoxidation. Reaction of benzoquinone with y-

glutamylcysteinylglycine (glutathione, GSH) occurs through nucleophilic substitution 

without catalytic aid to form glutathione-conjugated hydroquinone (GS-HQ) (Figure 3-1), 

which is frequently a detoxication reaction. In addition, the sacrifice of glutathione 

prevents covalent modification of cellular macromolecules. GS-HQ can be reoxidized to 

the quinone and form multi-substituted glutathione products (58,156). Glutathione 

conjugates are excreted intact in the bile, but undergo processing through the mercapturic 

acid pathway in the kidney prior to excretion in the urine (Figure 3-1) (156). 
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The mechanism of toxicity of glutathione-conjugated quinones remains uncertain but 

several key observations have been made. First, y-glutamyltranspeptidase (y-GT) is 

required for toxicity {157,59). y-GT is a membrane bound protein present in high 

concentrations in the brush border of the proximal tubule with the highest concentration 

at the S3 segment {159) and catalyzes the hydrolysis of y-glutamate from glutathione 

conjugates. Toxicity is specific for the S3 segment of the proximal tubule and increases 

with increasing glutathione substitution {57,58). The highest concentration of y-GT is at 

this segment and is a key factor in specific toxicity. Finally, depletion of glutathione in 

the liver prevents toxicity {160), indicating conjugation prior to entry into kidney is 

important. Glutathione conjugation facilitates interaction with y-GT and entry into the 

cell. An interesting observation by Monks and Lau and coworkers is that the glutathione 

conjugates are more difficult to oxidize with each added GSH moiety {57,59,58). 

However, the cysteine and N-acetyl cysteine conjugates of 2-bromohydroquinone are 

easier to oxidize than the hydroquinone itself (59). This suggests that removal of the y-

glutamate and possibly the glycine from the glutathione moiety during processing 

through the mercapturic acid pathway (Figure 3-1) enable oxidation to a reactive species 

resulting in toxicity. The first step and entry into the cell was facilitated by y-GT and 

multiple substitutions with glutathione increase the likelihood of interaction with y-GT. 

However, given all this, the disposition of the toxicant and its mode of toxicity 

remains uncertain. Quinones are able to redox cycle and generate an oxidative stress and 

this is a plausible explanation for toxicity. Protein binding has also been demonstrated by 

Lau and Monks and found to correlate with toxicity (60). More recently. 
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immunochemical approaches by Kleiner and coworkers revealed a limited number of 

adducted proteins that have yet to be identified (61,62). 

We entered a collaboration with Dr. Serrine Lau of the University of Texas in 

Austin, Texas in order to identify protein adducts of GS-HQ and expand on our previous 

work with benzoquinone. The approach was similar to that used for benzoquinone. 

Purified GS-HQ was provided by the Lau group along with subcellular kidney fractions 

from rats treated with GS-HQ. Although y-GT was shown to be required for toxicity, the 

final form of the adduct was uncertain. Adducts could arise from GS-conjugates or 

related products formed by metabolism of the GS-moiety. Consequently, I began by 

preparing model peptide adducts from GS-HQ and characterizing their fragmentation by 

tandem-MS. The fragment information was then used to search for adducts within the 

kidney fractions. Western blot analysis on the subcellular fractions were performed by 

Dr. Lau's group and several major adducts were observed. I intended to focus my effons 

on regions with known adducts in order to facilitate identification. 

Our efforts to detect adducts in the subcellular fractions were unsuccessful, and 

the probable reasons illustrate the difficulty of adduct identification and are discussed 

below. This work is included in order to document the data that was collected, which 

includes studies on the MS/MS fragmentation of GS-HQ-peptide adducts. 
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Methods 

Preparation and Verification of GS-HQ 

Monosubstituted GS-HQ was HPLC purified by Dr. Lau's group and used for all 

of the conjugate experiments. Mass spectrometry analysis of the conjugate was 

performed on a Finnigan/MAT TSQ 7000 triple quadrupole mass spectrometer by flow 

injection and positive ESI. Analyses in both the full scan mode and MS/MS mode 

(MS/MS of m/z of 416.00 at a collision energy of 25eV) were collected to verify the 

identity of the conjugate. 

Preparation of GS-BZQ 

GS-HQ was diluted in 0.1% trifluoroacetic acid (TFA) at a concentration of 0.1 

mg mL"'. The tip of spatula full of silver oxide (-5 mg) was added and the solution was 

vortex mixed for I minute. The solution was filtered through a 0.2 ^m syringe filter to 

remove the insoluble silver oxide and the product was analyzed by MS. 

UV-Visible Analysis of GS-HQ and GS-BZQ 

GS-HQ or GS-BZQ were diluted in 0.1% TFA and were analyzed on a Beckman 

DU-640B spectrophotometer scanning continuously from 200 to 600 nm. 
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Preparation of GS-HQ Adducts of TpepC 

The TpepC model peptide with the sequence of AVAGCAGAR was reacted with 

GS-BZQ in the following manner: 100 |a1 of a 2 mg mL'^ TpepC solution in water was 

reacted with a two fold excess of fresh GS-BZQ and incubated at 37°C for 1.5 hours. An 

aliquot was diluted 1:2 in 0.1% TFA and tris-2-carboxyethylphosphine (TCEP) was 

added to a concentration of 5 mM to reduce any remaining GS-BZQ prior to analysis by 

MS. MS analysis was performed using flow injection and the short run gradient LC-MS 

(see below). 

GS'BZQ Adduction of Other Model Peptides 

Several cysteine containing model peptides were reacted with GS-BZQ: cortical 

androgen stimulating hormone (CASH), sequence EDVSAGEDCGPLPEGGPE; antrial 

natriuretic peptide, frog, (Frog24), sequence SSDCFGSRIDIGAQSGMGCGRRF. 

The Frog24 peptide was diluted to a concentration of 1.31 mg mL"' in 50 mM 

anmionium bicarbonate and 26 mM TCEP. A 100 ^1 aliquot was removed and extracted 

3X with ethyl acetate to remove TCEP. Sequencing grade modiHed trypsin (Promega) 

was added at a 1:50 (w/w) trypsin to protein and the solution was incubated for 2 hours at 

37°C. The extent of digestion was checked by flow injection on the LCQ. An equivalent 

amount of GS-BZQ (w/w) was added to the acidified digest and allowed to sit at room 

temperature for 30 minutes. TCEP was added to 5 mM to terminate the reaction. MS 
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analysis by flow injection was performed and MS/MS data on ions corresponding to the 

protonated ions of peptides plus GS-HQ was collected. 

CASH was adducted in a similar manner and analyzed by LC-MS with the short 

run gradient (see below). 

Preparation of GS-HQ Adducted BSA Peptides 

Bovine serum albumin (BSA) was dissolved to the desired concentration in 8 M 

urea, 0.4 M ammonium bicarbonate and 5 mM TCEP, boiled at 95°C for 15 minutes and 

then allowed to cool. It was then diluted 1:4 with water and sequencing grade modified 

trypsin, was added at a ratio of 1:25 (w/w) trypsin to protein. Finally, the solution was 

incubated overnight at 37°C. The peptides were HPLC purified to remove any TCEP 

and concentrated to 0.25 mg mL"'. 500 (il of the BSA peptides solution was added to 100 

|il of 0.1 mg mL'' GS-BZQ in an argon evacuated vial and incubated at 37°C for 1.0 

hour. The GS-BZQ treated sample and an untreated sample were run by LC-MS long 

run. The SALSA algorithm was used to search for adducts using the following 

characteristics: neutral losses of 129, 273,447 and charged losses of 448 and 274. 

Tandem Mass Spectrometry of GS-HQ Adducted Model Peptides 

Generally, mass spectrometry analysis of samples consisted of flow injections or 

LC-MS on a ThermoFinnigan LCQ. Flow injection analysis was performed by injecting 

the sample into a flow of 50:50:0.1 methanol:waterrTFA at a flow rate of 100 jil min"' 

with ionization by positive ESL Data acquisition was in the full scan mode and lasted for 

3 minutes. 
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LC-MS analysis was performed by injecting the sample onto a Vydac Proteins 

and Peptides C18 microbore column. Gradient conditions were designated either "long 

run" or "short run". For short run conditions refer to Chapter 2, "Methods". The long 

run was similar to short run except that the gradient was extended. The organic 

concentration was changed from 5% at 20 minutes to 30% at 115 min then to 75% at 125 

minutes. Data was acquired for 135 minutes. Data was acquired using the data 

dependent scanning option of the ThermoFinnigan instrument control software Xcalibur 

similar to that described in Chapter 2, "Methods". 

MS  ̂Analysis of Adducted Peptides 

MS^ analysis was performed on a ThermoFinnigan LCQ Classic instrument 

controlled by the Xcalibur™ data system. GS-HQ adducted to TpepC was flow injected 

in 50:50:0.1 methanol:water:TFA. The precursor and selected product ions were 

fragmented at a relative energy of 40%. The following product ions and originating 

precursor ions were analyzed by ms^: product ions nt/z 741 and m/z 1059 from precursor 

m/z 1188 and product ions m/z 445, 915, 530 and 818 from precursor m/z 595. 

GS-HQ Treated Rat Kidney Subfractlons 

Subcellular fractions from rats treated with 200 jjjnol kg"' GS-HQ by intravenous 

injection were received as part of a collaboration with Dr. Serrine Lau at the University 

of Texas. The subcellular fractions were nuclei (N), mitochondria (Mit), microsomal 

(Mic), plasma membrane (PM), and cytosol (cyt). Samples for each subfraction were 
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from a time course of treatment and consisted of control, 2 hr treated, and 4 hr treated. 

Each of these protein extracts had previously been separated by ID gel electrophoresis, 

transferred to a polyvinylidene fluoride membrane (PVDF) and Western analysis was 

performed using antibodies raised against 2-BrHQ-KLH which also recognized several 

forms of GS-HQ. Photographs of the Western immunoblot were provided for our 

reference (Figure 3-2). 

Figure 3-2: Western blot analysis of rat kidney subcellular fractions using antibodies 

raised to quinone thioethers. The subcellular fractions were control (C), nuclei (N), 

mitochondria (Mit), microsomal (Mic), plasma membrane (PM), and cytosol (cyt). 

Western analysis performed by laboratory of Dr. Serrine Lau of University of Texas at 

Austin. 
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Nuclear, microsomal, and plasma membrane fractions from all 3 time points were 

separated on 12% polyacrylamide gels by loading 50 |ig of protein per sample per well. 

The entire gel was divided into a grid and cut up into 3 x 10 mm pieces. Sections that 

corresponded to dark immunostaining in the Western blots were subjected to in-gel 

digestion with trypsin and LC-MS analysis using the long run gradient method. 

In-gel Digestion 

In-gel digestion is performed by a protocol modified from (195): First gel pieces 

were washed 2X with 100 |j,l water for 15 minutes. The wash water was removed and 

100 |il of 50:50 ACN:water was added and incubated for 15 minutes. The ACN/water 

solution was removed and 50 ^1 ACN was added and incubated until the gel turned white 

and sticky. The ACN was remove and 50 |J,I of ammonium bicarbonate (Ambic) was 

added and incubated for 5 minutes. 50 |al ACN was added to the Ambic and incubated 

15 minutes. This solution was removed and the gel pieces were dried in a speed-Vac. 

For alkylation 50 )il of 100 mM DTT/lOO mM Ambic was added and incubated at 56°C 

for 45 minutes. This solution was removed and 100 |il of 55 mM iodoacetamine/lOO mM 

Ambic was added and incubated at room temperature for 15 minutes. This solution was 

removed and the gel was washed with 50 nl 100 mM Ambic for 5 minutes. The Ambic 

solution was removed and 50 fil ACN was added and incubated for 15 minutes. This 

solution was remove and the gel pieces were dried in a Speed-Vac. For digestion 100 |il 

of 0.1 ̂ g trypsin digestion solution was added to the gel pieces and incubated on ice 
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for 45 minutes. This solution was removed and 100 ^1 of digestion buffer without trypsin 

was added and incubated at 37°C overnight. To recover peptides from the gel the pieces 

were acidified to 0.1% TFA. This solution was removed and saved then 100 (aI 0.1% 

TFA in water was added and the gel pieces were sonicated for 30 minutes. This solution 

was removed and saved then 100 ^1 30% ACN, 0.1% TFA was added and the gel pieces 

sonicated for 30 minutes. This solution was removed and saved then 100 |xl 60% ACN, 

0.1% TFA was added and the gel pieces sonicated for 30 nunutes. This solution was 

removed and saved and extracts were pooled and concentrated in the Speed-Vac. The 

digestion buffer consisted 5 mM CaCN, 50 mM Ambic 0.01 (ig trypsin. 

ID Gel Electrophoresis 

12% Ready Gels were obtained from Bio-Rad. Prior to use, gels were removed 

from the refrigerator, loaded into the mini gel apparatus, covered with running buffer, and 

allowed to equilibrate to room temperature for 30 minutes. The running buffer used was 

a IX Tris/Glycine/SDS buffer from Bio-Rad. Samples were diluted in fresh Bio-Rad 

Laemmli sample buffer with 50 |il of 3-mercaptoethanol per 1 ml of buffer. Samples 

were mixed with Laenmili buffer at equal volumes and boiled for 3 minutes. After brief 

centrifugation, the samples were loaded into the wells of the mini gel and voltage was 

applied. The voltage program was set to 25 mA constant current for 12 minutes then 40 

mA constant current until the dye front neared the bottom of the gel. 
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After electrophoresis the gels were rinsed 3X in deionized water and stained with 

Bio-Safe Commassie Stain from Bio-Rad for 1 hour. Gels were destained in water 

overnight. 

Synthesis of CG-HQ and Cys-HQ 

CG-HQ was synthesized from cysteinylgiycine and benzoquinone. A I mg mL"' 

solution of cys-gly dissolved in water was placed in an argon evacuated round bottom 

flask. BZQ prepared in ACN was added dropwise to the solution with constant stirring 

until a 1:1 of BZQ to cys-gly was reached. The product was analyzed by HPLC-UV-Vis 

and flow injection mass spectrometry. Cys-HQ was prepared in the same manner as the 

CG-HQ and analyzed by HPLC-UV-Vis, MS, and MS/MS. Both Cys-HQ and GC-HQ 

were HPLC purified and lyophilized for later use. 

TpepC Conjugation of GC-HQ and Cys-HQ 

GC-HQ-TpepC was synthesized by placing 1 mg of TpepC diluted in water to I 

mg/ml in a round bottom flask evacuated with argon and adding silver oxide-treated GC-

HQ dropwise until a 1:1 molar ratio of TpepC to GC-BZQ was reached. The solution 

was stirred under argon for 60 minutes prior to addition of TCEP to a concentration of I 

mM. The product was analyzed by HPLC-diode array and LC-MS. Cys-HQ-TpepC was 

synthesized in the same manner and analyzed by LC-MS. 
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Results 

Analysis of GS-HQ and GS-BZQ 

GS-HQ received from Dr. Lau's group was analyzed by mass spectrometry to 

confirm the presence of conjugate. The full mass spectrum yielded a prominent peak at 

m/z 416 corresponding to the [M+H]^ of GS-HQ. MS/MS analysis of /n/z 416 in the 

same sample yielded the spectrum in Figure 3-3, and the major fragments could be 

assigned to GS-HQ confirming its presence in the sample. 
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Figure 3-3: Tandem-MS analysis of GS-HQ, m/z 416 and assignment of product 

ions. 
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Preparation of GS-BZQ by oxidation of GS-HQ using silver oxide proved to be 

difficult. Oxidations performed under similar conditions on different solutions did not 

produce the oxidized product in consistent yield. Therefore, confirmation of the 

oxidation of the product prior to reactions with peptides was important. Initially, MS was 

used exclusively to verify oxidation by loss of two protons in the full scan mass spectrum 

yielding a prominent peak at m/z 414. Analysis by UV-Vis showed differences in the 

absorption spectrum that could be used to confirm oxidation as well. GS-HQ exhibited 

absorbance maxima at 251 and 304 nm while GS-BZQ showed a shift to 256 and 428nm. 

GS-HQ Adducts of Model Peptides 

GS-BZQ was reacted with several model peptides and the products were 

characterized by tandem-MS in order to identify any adduct specific fragmentations. 

Tandem-MS of adducted TpepC was collected for m/z 1188.5 (singly charged) and m/z 

595.0 (doubly charged). The MS/MS spectrum of singly charged GS-HQ-TpepC is 

shown in Figure 3-4A. Adduct specific fragments were observed at m/z 1059.4,915.4, 

and 741.4 corresponding to neutral losses of 129, 273, and 447, respectively. Similar 

losses were observed in the spectrum of the doubly charged ion, as well as a neutral loss 

of 74, charged losses of 274 and 448, and ion pairs of 129 and 515 (Figure 3-4B). The 

losses of 129 and 74 correspond to fragmentations at the peptide bond between the y-

glutamate and cysteine, and between the cysteine and glycine of GSH, respectively. 

Neutral and charged losses of 273/274 and 447/448 correlate to fragmentation at the 

sulfur of both cysteine residues (Figure 3-5). Assignment of these ions was verified by 
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labeled. A) Singly charged ion. B) Doubly charged ion. 
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Figure 3-5: Diagram of GS-HQ-adducted TpepC and position of cleavage to produce 

charged and neutral losses as verified by MS^ 

MS^ experiments, which confirmed identities of the MS/MS fragment ions (data not 

shown). 

Ion pairs are defined as two product ions separated by a specified mass in the 

spectrum. The ion pair of 515 correlates to normal peptide fragmentation at the amide 

bond on either side of the adducted cysteine residue. An ion pair of 129 is assigned as 

loss of Y-glutamate from a fragment ion that includes the adduct. 
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Mass spectrometry analysis of the other model peptides reacted with GS-BZQ 

showed adduct derived fragment ions similar to those seen with GS-BZQ-TpepC adduct. 

A chart of all of the adduct derived fragment ions in given in Table 3-1 below. 

All of the GS-HQ adducted peptides studied here demonstrated multiple adduct 

derived fragments, but every adduct-specific marker was not found for each model 

peptide. 

Table 3-1: Adduct-specific fragmentation of GS-BZQ-adducted peptides 

Pvptid* ScqiMnca 

TpepC AVAGCAGAR 
Frog24-1 SSDCFGSR 
Frog24-2 IGAQSGMGCGR 

TpepC AVAGCAGAR 
Frog24-1 SSDCFGSR 
Frog24-2 IGAQSGMGCGR 
CASH EDVSAGDECGPLPEGQPE 

Charga NL-74 NL-129 NL-273 NL-447 CL-274 CL-448 Mara dif Mass dH 
129 515 

+ 

CysGIy- and Cys-HQ 

GS-HQ conjugates may undergo metabolism in vivo to cysteinylglycine-HQ 

(CysGly-HQ) and cysteine-HQ (Cys-HQ) conjugates, which may undergo oxidation to 

thiol-reactive electrophiles. Because the exact types of adducts formed in vivo were 

unknown, CG-HQ and C-HQ were also prepared, HPLC purified and analyzed by MS 

(data not shown). CG-BZQ and C-BZQ were reacted with TpepC and the products were 

characterized by LC-MS. No peptide adducts of these conjugates were detected, but 

TpepC and the reduced conjugates were observed in high quantity. 
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GS-HQ Treated Rat Kidney Subfractions 

Subcellular fractions from rats treated with GS-HQ were provided by Dr. Serrine 

Lau's group. Nuclear, microsomal, and plasma membrane fractions were resolved on a 

one dimensional gel, and the entire gel was divided into a grid and sectioned for 

subsequent analysis. Areas of the gel that corresponded to positive immunostaining in 

Western blot analysis were chosen for in-gel digestion, LC-MS analysis, and protein 

identification by Sequest. LC-MS analysis indicated that recovery of peptides from the 

gel was poor, and multiple lanes of the gel were subsequently pooled to increase peptide 

concentration and reanalyzed. Sequest analysis of the gel slice at the 35,000 dalton area 

of the nuclear fraction identified several forms of actin, a high concentration structural 

protein. The data was searched for adduct specific fragments using the SALSA algorithm 

(Chapter 4), and I tried to match top scoring spectra to peptides from actin, but no peptide 

adducts could be confirmed from this sample or any of the other nuclear fractions. 

[ then attempted to analyzed cystosoUc fractions since these showed the highest 

degree of immunostaining, as it was thought that adducts in these samples would be more 

abundant and identification easier. LC-MS and Sequest analysis for protein identification 

returned multiple possible proteins including glutathione synthase, tubulin and several 

forms of enolase, but sequence coverage of all proteins was poor and averaged 5-6 

peptides per protein. SALSA searching of these data was unable to locate MS/MS 

spectra corresponding to any adducts. 
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Discussion 

Glutathione conjugates of quinones have been shown to be specifically 

nephrotoxic to the S3 segment of the proximal tubules {157^7,58) and protein adducts of 

these conjugates have been localized to the areas of toxicity and the extent of binding 

correlates with toxicity (60,61,62). I intended to use our approach of adduct 

characterization and SALSA searching to identify protein adducts of GS-HQ. 

Peptide adducts of GS-HQ were prepared from several cysteine containing model 

peptides. Like benzoquinone, the sulfhydryl of cysteines is a likely target as 

demonstrated by its reactivity towards glutathione (58,156). All peptide adducts of GS-

HQ demonstrated multiple, intense adduct specific markers that could be used in 

conjunction with the SALSA algorithm to detect unknown adducts, and markers were 

verified by MS^ experiments. The usefulness of these markers to locate adducts is 

illustrated in Chapter 4 where the LC-MS/MS and the SALSA algorithm successfully 

identified six adducted BSA peptides in a BSA digest. 

Conjugates of hydroquinone with cysteine and cysteinylglycine also were 

prepared and purified for subsequent reaction with model peptides. However, reaction 

with TpepC yielded no discemable adduct products, only TpepC and reduced conjugates. 

It is likely that the hydroquinone was not oxidized to the quinone prior to reaction and 

therefore impotent to form an adduct. It is also possible that these quinones reacted with 

the peptides by thiol oxidation, rather than adduct formation. Oxidation of GS-HQ was 

also problematic and required verification prior to reaction with peptides. Longer 

incubation times or fresh silver oxide would likely facilitate better oxidation. Although 
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this experiment was trivial to repeat with the given alterations, work with C-HQ and CG-

HQ was performed after several months of work with the rat kidney fractions, and more 

serious problems arising from the use of gels (see below) caused us to discontinue the 

project. 

Adduct speciHc fragments identified from GS-HQ adducted model peptides were 

used to search MS/MS data from rat kidney fractions for adducts. However, the data 

obtained from these experiments was poor and challenged even facile identification of 

proteins within the gel. The rationale for using SDS-PAGE for protein separation was to 

limit the complexity of the samples and focus on areas that showed immunochemical 

staining with the adduct specific antibody. However, recovery of peptides from the gel 

was extremely poor. While this is generally not of issue in protein identiHcation and can 

be accomplished with only a few peptides per protein, adduct identification requires high 

sequence coverage of a protein to assure that the adducted sequence is located. A recent 

paper by Haynes et al. described the practical detection limits of in-gel digestion and 

mass spectrometry, but the work was focused on protein identification {161). However, 

reported data indicates only seven peptides were identified from I ng of BSA loaded on 

the gel when in-gel digestion and microspray mass spectrometry were used; a theoretical 

tryptic digest of BSA yields 63 peptides with mass greater than 400 daitons. My 

experiments used SO |ig of total protein, but the concentration of adducted protein 

probably would be much lower than that of unmodified protein. In light of these data, it 

is clear that SDS-PAGE is unsuitable to adduct identiHcation, even given the high 

sensitivity of mass spectrometry. A more suitable method, but one that is not currently 
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available in our lab, is two dimensional liquid chromatography of solution digests of the 

subcellular fractions. In my hands, solution digestion provides better recovery of 

peptides and BS A digests routinely allow greater than 70% sequence coverage on 

femtomole levels of peptide. LC/LC-MS was discussed in Chapter 1 and would 

circumvent the need for protein separation prior to digestion and allow detection of 

thousands of peptides from a single sample. 

A second issue for identifying peptide adducts was the uncertainty of the final 

adducted species. As discussed, y-GT is necessary for toxicity and may hydrolyze the y-

glutamate from the glutathione conjugate. Further processing may also remove the 

glycine. Also, the antibody described by Kleiner et al. and used for adduct detection in 

our Western blots has been shown to recognize a variety of quinone-GSH conjugates 

{<51). Even if the experiments with C-HQ and CO-HQ had produced adducts of TpepC, 

they would not have provided information about the possible multi-substituted conjugates 

that may be conjugated to cysteine, cysteinylglycine, or GSH. 

Also, we noted that upon standing at basic pH that the GS-HQ would degrade, 

and mass spectrometry analysis suggested the formation of a cyclic product where the a-

amino group of the y-glutamate added to the quinone ring (Figure 3-6). Alt and Eyer also 

reported this adduct in vitro along with its hydrolysis and addition of -OH to the ring 

{162). PAGE separations are typically run at pH 8.0 for an hour or more and digestion is 

performed at pH 8.0 overnight. Any GS-HQ adducts present may have already cyclized 

and hydrolyzed and eluded detection. 
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Given the problem of poor peptide recovery from PAGE separation and multiple 

possible forms of the adducts present on the protein, we decided that my efforts were 

better focused on other projects. Information gathered in these experiments was shared 

with Dr. Lau's group and they are continuing efforts to identify adducts of glutathione-

conjugated quinones. 

Peptide 
Figure 3-6: Putative cyclic structure of GS-HQ-adducted peptide. 
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CHAPTER FOUR - SCORING ALGORITHM FOR SEQUENCE ANALYSIS 

(SALSA) 

Introduction 

ESI tandem-MS is the method of choice for characterizing protein modifications, 

due to its ability to generate peptide sequence information, high sensitivity 

(subfemtomole levels {69J0){71)) and coupling to online liquid separation techniques. 

However, the characteristics that make ESI tandem-MS ideal for protein adduct analysis 

also complicate detection. Current instruments are capable of generating thousands of 

tandem-MS spectra in a single sixty-minute analysis {106), and online chromatographic 

techniques can extend separation of complex mixtures over the course of several hours 

(709) {81). We have previously described adduct specific fragmentation of peptide 

adducts of benzoquinone and its glutathione conjugate by ESI tandem-MS and suggested 

that these fragments could be used as indicators of adduction. Other amino acid 

modifications, specifically phosphorylation and glycosylation, have also been reported to 

produce characteristic fragments in CDD that are useful in their detection {142,88). 

However, the volume of data generated by LC-MS analysis precludes manual searching 

of spectra for adduct specific fragments. 

Instrument methods have been described that permit selective detection of 

spectral characteristics from modified peptides during tandem-MS and include neutral 

loss scanning {163,164), precursor ion scanning {165,166,167) and product ion scanning. 

These methods are generally only available on instruments with triple quadrupole mass 
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analyzers that permit multiple stages of ion selection and CID. Only one type of spectral 

characteristic can be detected per analysis, and peptide sequence information is not 

collected during these types of scans. My characterization of BZQ and GS-BZQ adducts 

of model peptides resulted in multiple adduct-specific fragments and each would require 

a separate LC-MS analysis. In addition, ion pair characteristics in MS/MS spectra cannot 

be detected using instrument methods. 

Software algorithms for detection of modified amino acids have been described 

(168,169), but either are not applicable for use on complex mixtures or require specific 

knowledge of the site of modification, and none are able to utilize adduct specific 

fragmentation characteristics. 

A novel data reduction algorithm was developed to screen tandem-MS data for 

characteristic spectra features. The algorithm is comprised of two main components. 

The first enables searching for spectral characteristics including product ions, neutral and 

charged losses, and ion pairs, and has specific application to detection of peptide adducts 

of reactive intermediates when the target protein is unknown. The second searches 

tandem-MS spectra for peptide sequence motifs, and is useful for detection of 

unanticipated modifications or sequence variants when the protein sequence is known. A 

detailed description of the design of each algorithm, example of their use, and general 

applications of both are discussed below. 
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Salsa Searching For Spectral Characteristics 

Overview 

SALSA screens tandem-MS spectra simultaneously for spectral characteristics 

based on user-defined parameters. Spectral characteristics that SALSA recognizes are 

product ions, neutral and charged losses, and ion pairs. Multiple spectral characteristics 

can be combined into a single search, and characteristics are scored based on their 

contribution to the total ion current of the spectrum. A combined score for all search 

criteria is reported per spectrum, and all search criteria need not be present for a spectrum 

to receive a score. Scan number, retention time, charge estimation ratio, and a list of 

product ions that matched the search criteria are returned for each scored spectrum. 

SALSA: Description of the Algorithm 

Preprocessing of Data 

Preprocessing of MS/MS spectra is performed prior to analysis to remove spectra 

v^ith fewer than 25 fragment ions, estimate precursor charge, and normalized spectra to 

percent total ion current (%TIC), These steps minimize background, remove poor quality 

spectra, normalize spectra to reduce the affect of precursor ion intensity on scoring, and 

allow calculation of losses. 

First, residual precursor ions are removed from each spectrum along with ions 

within 0.4% of the precursor and greater than twice the m/z of the precursor. This assures 
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that the precursor is not calculated as part of %T1C and won't be identified as a spectral 

characteristic. While the precursor ion was not usually present in the spectra of model 

peptide adducts described in this dissertation, the extent of precursor fragmentation can 

vary depending on instrument parameters and from peptide to peptide. Next, SALSA 

estimates the precursor charge state by calculating the ratio of the summed ion intensities 

of all ions greater than the m/z of the precursor to the summed ion intensities of the entire 

spectrum (Equation I). A summed ion current with a ratio of 0.1 or greater is estimated 

n 
^ (ions > precursor m/z) 

^ (all ions in spectrum) 

to be multiply-charged while less than 0.1 is singly-charged. This threshold ratio can be 

user-defined, but the default is 0.1. For spectra defined as singly-charged, ions of m/z 

greater than the m/z of the precursor are removed, and the remaining ions are normalized 

to %TIC. %TIC for an individual ion is defined as a percentage of the ratio ions intensity 

to the total ion current of all in the spectrum (Equation 2). Multiply-charged spectra are 

2> %TIC =100x 
/' . \ 

ion mtensity 
^ ^ ion current of spectrum 

simply normalized to %TIC. Finally, ions with intensity less than a user-defined 

threshold (default set to 0.2%) are removed from the spectrum and the remaining ions are 

again normalized to %TIC. The use of %TIC rather than total ion current alone reduces 

precursor abundance as a factor in scoring, thereby allowing low abundance precursors 

with high quality spectra to score similar to high abundance precursors with high quality 

spectra. 
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Searching for Product Ions 

Product ions arise from the precursor and are present at a defined position along 

the m/z axis (Figure 4-1). The m/z of a product ion remains constant and does not vary 

with the precursor. SALSA searches for product ions within a window centered at the 

m/z of the product ion and with a user-defined width (default set to ±0.5 amu). The 

%TIC of the most intense ion within the window is returned. 

Charge Loss 

l i  I I  

Product Ion 
B 

lU LLU 

Neutral Loss 
A 

lU LLU 

D Mass Difference 

Figure 4-1; Spectral characteristics scored by SALSA. A) Charged loss; B) Product 

ion; C) Neutral loss; D) Mass difference or ion pair. Dashed lines indicate the 

predicted m/z of the precursor. 
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Searching for Charged and Neutral Losses 

A neutral or charged loss refers to a fragment that is lost from the precursor 

during collision-induced dissociation. SALSA detects the residual ion at a defined 

distance from the precursor m/z, and the distance is equal to the m/z of the fragment 

(Figure 4-1). For a charged loss, the charge state of this residual ion must be less than the 

precursor. For neutral losses, the charge state of the residual ion must be the same as the 

precursor. Unlike product ions, neutral and charged losses vary their position in the 

spectra, but their distance from the precursor m/z remains constant. 

SALSA searches for the residual ion arising from a neutral loss within a window centered 

at the precursor m/z minus the m/z of the neutral loss and with a user-defined width 

3> neutral loss window = (precursor m/z - neutral loss m/z) ±0.5 

(default set to ±0.5 amu) (Equation 3). Note that a neutral loss of 100 from a singly-

charged precursor of m/z 1000 will be detected at m/z 900, but neutral loss of ICX) from a 

doubly-charged precursor at m/z 1000 will be detected at m/z 950 due to the charge state. 

The %TIC of the most intense ion in the window is returned. For charged losses, SALSA 

calculates the m/z of the singly-charged precursor (Equation 4) and returns the %TIC of 

the most intense ion in a window centered at this m/z minus the m/z of charged loss 

(Equation 5). 
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4) estimated singly charged precursor window = (2 x doubly charged precursor -1) ± 0.5 

5) charged loss window = (est. singly charged precursor - charged loss m/z)± 0.5 

Ion Pairs 

An ion pair is a set of two ions separated by a defined distance along the m/z axis 

and is a special case of motif searching, covered in a later section (Figure 4-1). An 

explanation of the searching algorithm for an ion pair is deferred until this later section. 

An ion pair is scored as the geometric mean of the %TIC values of the two most 

abundant ions located within the tolerance windows. 

Hierarchical Searching 

Some search parameters are unique to modified peptides and are termed primary, 

whereas other secondary characteristics may be common to many MS/MS spectra, but 

still signal the presence of an adduct. SALSA allows arrangement of primary and 

secondary search parameters into a hierarchy to minimize the scores of unadducted 

spectra. Specifically, secondary features are linked to primary characteristics and are 

only scored if the corresponding primary characteristic is scored. Linking of multiple 

secondary characteristics to a primary feature helps to bolster the score of adducted 

spectra and facilitates identification. 
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Combining the Scores of Multiple Search Parameters 

One novel function of the SALSA algorithm is the ability to combine multiple 

spectral characteristics into a single search and report a combined score. Thus, a single 

search may report %TIC values for multiple primary and linked secondary characteristics 

that must be combined into one score. The score for a primary feature is simply the 

reported %TIC value. The score of a secondary feature is adjusted to limit the 

contribution of these less diagnostic parameters, and is calculated as the geometric mean 

of the secondary characteristic and the primary characteristic to which it is linked. 

However, a secondary characteristic may not exceed the score of the primary 

characteristic to which it is linked and is only scored once per spectrum. The combined 

score for a spectmm is the sum of all primary and adjusted secondary characteristics. 

An Example of a SALSA Search 

SALSA was originally coded as a series of linked Excel macros but has since 

been refined and coded as a Windows application in C-h-. Figure 4-2 displays a screen 

capture of the opening window and search parameters window of the most recent version. 

To begin a SALSA search the user selects the data file to be searched and a saved search 

parameters file. SALSA was originally designed to search only Xcalibur *.raw files from 

ThermoFinnigan instruments but could be adapted to analyze Hie formats from other data 

systems. Saved search files can be opened for editing from this screen or new parameters 

can be created. Figure 4-2 displays a typical search parameters window with a mock 
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Figure 4-2: Example of a SALSA search. Opening window for C-H- version 

of SALSA (top) and search parameters window (bottom). Search parameters 

entered are an ion pair of m/z 211 linked to a product ion of m/z 450 and a 

neutral loss of m/z 160 linked to a neutral loss of m/z 142. 
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search entered. Here, a product ion of m/z 450 and neutral loss of 142 are set as primary 

characteristics in the search hierarchy. Secondary characteristics of an ion pair separated 

by 211 and neutral loss of 160 are linked to the primary characteristics, respectively. 

Arrangement and number of parameters is entirely user-selectable and should be tailored 

for features of the species of interest. 

A typical search results window is shown is Figure 4-3 and displays a score, the 

precursor m/z, the charge estimation ratio, scan number, retention time, ions matching the 

search criteria, and raw MS/MS data for each spectrum scored. 

Application of SALSA to Adduct Identification 

Peptide adducts of GS-HQ were characterized by ESI tandem-MS in Chapter 3 

and adduct-speciHc fragmentation was reported including neutral losses of 129, 273,447, 

and charged losses of 274 and 448. The SALSA algorithm was developed to screen 

tandem-MS data for spectral characteristics in order to facilitate identification of 

modified peptides. Here BSA peptides were reacted with GS-BZQ in order to generate 

unknown peptide adducts and the sample was analyzed using LC-MS. The utility of 

SALSA to score spectra based on adduct specific criteria and locate unknown adducted 

peptides in a complex mixture is demonstrated here. 
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Figure 4-3: Example of a SALSA search output for search criteria in Rgure 4-2. The 

output displays the score, precursor m/z, charge estimation ratio, retention time and 

scan number, and a list of ions that matched the search criteria. 
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Methods 

Bovine serum albumin was dissolved in 10 mM TCEP, 8 M urea, 0.4 M 

ammonium bicarbonate, pH 8.0, and boiled in 95°C for fifteen minutes prior to 1:4 

dilution with water. Trypsin was added at 1:25 (w/w) enzyme to protein and the solution 

was incubated overnight at 37°C. BSA peptides were HPLC purified and concentrated to 

0.25 mg mL"' in water. Freshly prepared GS-BZQ (100 ^iL of 0.2 (ig in an argon-

evacuated vial was added to 500 ^1 of the purified BSA peptides with vortex mixing and 

the reaction was incubated for one hour at 37°C. 

Samples (20 |il) of treated and untreated BSA digest were analyzed by LC-MS 

with data dependent scanning and SALSA was used to search for MS/MS spectra of GS-

HQ modified peptides. SALSA search criteria were as follows: All criteria were primary 

with neutral losses of 129.0,447.1, and 273.1 and charged losses of 448.1 and 274.1. 

Peak threshold, charge estimation threshold and loss deltas were set to 0.2%, 0.1, and 0.5, 

respectively. 

Results 

GS-BZQ was reacted with BSA peptides and analyzed by LC-MS. The base peak 

chromatograms for the standard and GS-BZQ treated BSA peptides are shown in Figure 

4-4. The profiles of the two chromatograms display no apparent differences, thus 

indicating no change in any major components. 
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Figure 4-4: LC-MS base peak chromatograms. A) Standard BSA peptides mixture; 

B) GS-BZQ treated BSA peptides with arrows pointed to the location of adducted 

peptides. 
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SALSA was used to search for spectral characteristics corresponding to peptide adducts 

of GS-HQ. A total of 698 MS/MS scans were collected throughout the LC-MS analysis, 

but only 475 spectra were retained after preprocessing of data. Of these only 196 

contained any of the user-defined spectral features and were scored and ranked. Scores 

for spectra ranged from 0.21 to 55.52 with the majority of spectra scoring below 3. Only 

25 of the 196 spectra scored received a score greater than 10. Top ranked spectra were 

examined to determine any sequence match to known BSA peptides or putatively 

modified peptides. The twenty highest scoring spectra corresponded to six adducted 

peptides, GS-HQ, GS-BZQ, and eight unidentified spectra (Figure 4-5). The identity of 

each of the peptide adducts was verified manually and annotated spectra are provided in 

Appendix 1. 

The elution position of each of these peptide adducts in the chromatogram is 

indicated by an arrow in Figure 4-4B. Each of the peptides adducts is located at a 

shoulder or valley of a much more prominent peak. These peptide adducts do not 

contribute significantly to the ion current nor are their precursor ions abundant enough to 

produce a peak in the chromatogram. 
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Figure 4-5: Results window for SALSA search of BS A digest treated with GS-BZQ 

from Figure 4-4B. Six adducted peptides, GS-HQ, GS-BZQ, and eight unidentified 

spectra compose the twenty highest ranked spectra and the identities of GS-BZQ-

adducted peptides are listed with the site of adduction indicated by *. 
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Discussion 

One of the primary functions of the SALSA algorithm is to limit the number of 

spectra that require manual examination. This is accomplished by preprocessing data to 

remove poor or uninterpretable spectra and by ranking spectra based on the presence of 

user-defme spectral features. In this example, preprocessing of data significantly reduced 

the number of spectra that SALSA later analyzed by more than 200 (693 reduced to 475). 

Many of the eliminated spectra were empty or contained only a few ions, and the quality 

of spectra and selection of precursor ions for CID is dependent on instrument settings. 

Poor or empty spectra are easily dismissed, but only after they are manually retrieved and 

examined. SALSA preprocessing alone reduces the number of spectra that require 

manual examination, as exemplified in this experiment. 

SALSA also screens spectra based on the presence of user-define spectral 

features. Instrument methods have been described that use a similar approach 

U63,164,166,167,165), but SALSA's ability to detect spectral features is superior to 

these for several reasons. SALSA detects multiple spectral features that establish a 

pattern of fragment ions and is more specific than detection of a single feature. 

Instrument methods require a separate LC-MS experiment to detect each spectral feature, 

but SALSA detects all search criteria simultaneously post-analysis. Post-analysis data 

reduction has the advantage that search criteria need not be known at the time tandem-

MS data are collected, and data can be searched multiple times with unique search 

criteria. Unlike instrument methods, SALSA screens tandem-MS of peptides that contain 

sequence information and allows protein identification. SALSA also permits 
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arrangement of search criteria in a hierarchy to reduce background and detect ion pairs, 

neither of which can be performed by any instrument method. Here SALSA screened 

spectra for features that indicate GS-HQ adduction of peptides. Of the 475 spectra that 

were retained after preprocessing, only 196 contained any of the spectral features of 

interest, thus further reducing the number of spectra that require examination. 

SALSA scores spectral features based on their relative contribution to total ion 

current of the spectrum, or %TIC. Scoring based on %TIC has two main purposes. First, 

normalizing ions to %TIC reduces bias towards scoring spectra for the most abundant 

components of the mixture. Most adducts are expected to be present in low abundance 

compared to all other peptides in a sample, and normalization of spectra to %TIC assures 

that high quality low abundance spectra can be scored similarly to high quality high 

abundance spectra. Second, the likelihood of matching spectral features increases with 

the number of product ions in a spectrum. Scoring based on %TIC rather than relative 

abundance (all ions in spectrum normalized to 100) takes into account the relative 

contribution that an ion has to the total ion current of the spectrum. A spectrum 

containing hundreds or thousands of product ions may have a high probability of 

matching one or all spectral features, but the %TIC of any one ion is small due to the 

complexity of the spectrum and that spectrum will receive a small score. 

SALSA ranks spectra based on the scores of spectral features in order to present 

the user with the spectra that best match the pattern of fragment ions designated by the 

search criteria. Although ranking is based on score, absolute score has little meaning in 

the SALSA algorithm and is affected by the choice of search criteria including spectral 



108 

features and error tolerance settings, the quality of the MS/MS spectra, and intensities of 

product ions. A higher relative score generally indicates a better match to the search 

criteria. In this experiment, twelve of the top twenty ranked spectra were identified as 

relating to GS-HQ. Of these, eight spectra were of peptide adducts, three were of GS-

HQ, and one was of GS-BZQ. While 196 spectra in the chromatogram contained some 

spectral characteristics, most were non-specific matches or not prominent and ranked 

much lower than the adducted peptides. 

SALSA was originally designed to enable detection of peptide adducts by 

screening for adduct-specific spectral characteristics. In this experiment, SALSA was 

able to identify six GS-HQ adducted peptides based on adduct-specific search criteria, 

and adducts were ranked within the top twenty spectra. Because the search criteria were 

adduct-specific and not related to the peptide sequence, SALSA was able to locate 

unknown peptide adducts without knowledge of protein sequence, thus indicating 

SALSA's utility at detecting unknown peptide targets in a complex mixture. 

SALSA ranked peptide adducts higher than any other unadducted peptide despite 

the low abundance of these adducts. The intensity of all adducts was near the threshold 

for MS-MS detection, and no adduct was intense enough to alter the profile of the 

chromatogram. Although it is not possible to determine concentration of the peptide 

adducts from the mass spectra, these observations indicate that adducted peptides are 

present in low abundance relative to all other peptides in the sample. As discussed 

SALSA scores spectra based on %TIC to reduce the contribution of precursor ion 

abundance on final scores. These data indicate that SALSA is not significantly 
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influenced by precursor ion intensity and that results are not biased toward detection of 

high abundance precursor ions. In short, SALSA is capable of extracting spectra with the 

desired characteristics regardless of abundance. 

One limitation of this type of approach is the requirement of specific fragment 

ions in the tandem-MS spectrum. Modifications that do not produce this kind of 

fragmentation preclude the use of SALSA for detection. If the modified amino acid is 

known, Sequest is generally adequate to identify the peptide and site of modification. 

Also because SALSA scores spectral features, quality spectra are important both for 

fragment detection and peptide identification, and depend on the modified peptide and 

mass spectrometer. Peptide modiflcations that produce highly favorable fragmentation in 

CID are easily detected by SALSA, but often diminish product ions arising from the 

peptide sequence, thus making peptide identiflcation difficult. In these instances MS^ 

analysis of the fragment may be necessary to obtain peptide sequence information. 

The application of SALSA for detection of peptide adducts of reactive 

compounds using adduct-specific spectral characteristics was demonstrated and SALSA 

successfully detected six unknown peptide adducts of GS-HQ from a complex protein 

digests. Other peptide modifications including phosphorylation, glycosylation, and 

sulfation have been described that produce specific firagmentations and analyses for these 

species could benefit from this type of approach 070,171,88,142). 
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Motif Searching Using The Salsa Algorithm 

Overview 

A second search algorithm within the SALSA program was developed to utilize 

user-supplied sequence motifs as search criteria to screen tandem-MS spectra. A motif is 

defined as a sequence of amino acids derived from, a primary peptide sequence. SALSA 

screens spectra for a pattern of product ions that correspond to the motif without regard to 

absolute position along the m/z axis or precursor m/z and scores spectra based on the 

number and %TIC of ions that matched the motif. Spectra of peptides with modifications 

including adducts, post-translational modifications, or amino acid substitutions that do 

not significantly alter the pattem of ions that compose the sequence motif are also scored. 

This search criteria can be incorporated into searches for spectral characteristics and vice 

versa to locate spectra with specific features. The motif searching algorithm discussed 

here was designed by the author, but validation was contributed by other members of the 

Liebler group and will not be presented here. 

Motif Searching: A Description of the Algorithm 

User Input 

Sequence motifs are supplied by the user and require specific knowledge of the 

protein sequence. Identification of unknown proteins in the LC-MS analysis can be 

obtained by Sequest analysis of unmodified peptides. Currently, the motif must be 
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selected and entered manually, but future versions of SALSA will allow in silico 

digestion of a whole protein and automatic generation of sequence motifs from all 

resulting peptides. Sequence motifs typically consist of the internal amino acids from a 

peptide sequence. N- and C-terminal amino acids are generally omitted for reasons that 

are explained below. 

Preprocessing of Spectra 

Spectra are processed prior to motif searching in the same manner as described 

above for searches of spectral characteristics. 

The Pattern Recognition Algorithm 

Peptides subjected to CID in a mass spectrometer tend to fragment at the amide 

bond between amino acids to produce bn and y„ series ions (S6). Adjacent bn and yn ions 

are separated by the residue mass of the amino acid at that point in the sequence and 

establish the basis for peptide sequencing by tandem-MS. A sequence motif consists of a 

specific sequence of amino acids that can be described as an ordered series of masses (nii, 

mz, mj ... m„) where m corresponds to the residue mass of the amino acid at point, n, in 

the series. SALSA calculates a theoretical ion series corresponding to predicted 

my m. m, m-> m, 

Figure 4-6: Pattern of ions (/„) and ordered series of masses (m„) calculated from a 

sequence motif. 
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fragmentation at the amide bond for these masses (//, 12, ij ... /„^(Figure 4-6). Note that 

ions in the series actually have a decreasing m/z with increasing subscript n. Equation 6 

defines the ion series mathematically at any point, and any point in the series can be 

calculated if a sequence motif and a reference ion, either i, or are defined, t, and /„ 

represent any two ions in the series at position q and n, respectively, given q>n in the 

series, and the distance between these two points is equal to the sum of the masses, m, 

from point n in the series to point q-i. 

n 

6^ iq = in-'^mn q>n 
<7-1 

To search for a sequence motif, SALSA aligns the first theoretical ion in the 

series, //, with the highest m/z ion in the actual spectrum. If, and calculates values for the 

theoretical ion series from Equation 6 using // as the reference ion (Figure 4-7A). Ions in 

the tandem-MS spectrum that fall within a user-define m/z window (default set to ±0.5) 

of the theoretical ions are detected. In order for a set of ions to be scored at least x 

number of ions must be detected, where x is the user-defined minimum. Scoring is 

described below. SALSA then aligns the first theoretical ion in the series, //, with the 

next highest m/z ion in the actual spectrum, /?, and recalculates values for the theoretical 

ion series using I2 as the reference ion (Figure 4-7B). Again, SALSA detects any ions 

that align within the mass error window and calculates a score if the minimum number of 

ions is detected. This sequence is repeated for all other ions in the mass spectrum. In 

effect, the theoretical ion series acts as a "virtual ruler" sliding along the m/z axis, and all 

alignments rely on the presence of the first ion in the series. 
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' 2  I ' /  

m7 nu m, m, m. 
D 

Figure 4-7; Diagram of alignment of theoretical ions (i„) calculated from an ordered 

series of masses (m„) with tandem-MS spectrum. See text for details. 

However, if the first ion is missing from the tandem-MS spectrum, the correct alignment 

cannot be made and the motif will not be matched to the spectrum (Figure 4-7C). In 

order to accommodate a missing first ion SALSA aligns the second ion in the theoretical 

ion series, 12, with the highest m/z ion in the spectrum, //, and repeats the previous 

sequence until zS has been systematically aligned with all ions in the spectrum and 

corresponding alignments of theoretical and real ions detected (Figure 4-7D). However, 

multiple ions in the series may be missing from the tandem-MS spectrum and from any 

position in the series. To account for this, in is sequentially aligned with ions in the 

spectrum and matches detected until i„.x has been aligned where x is the nunimum 

number of ions required to return a score. Use of multiple theoretical ions in the series 
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for the initial alignment with real ions assures that the peptide motif will be detected even 

if some ions are not present. 

Scoring 

Each alignment that detects the minimum number of ions is individually scored 

based on the number and %TIC of real ions that align with the theoretical series 

according to the Equation 7 where N is the number of ions detected, /i, /}... is the 

%TIC of the real ions that matched to the theoretical ion series (//, /i, 13 ...), and n is the 

number of theoretical ions in the series. A minimum %TIC value equal to the user-

7^ score = A^cri-rin-.-rn)"" 

defined ion detection threshold (default set to 0.2%) is inserted for any ion. F. that is not 

detected. Alignments that do not meet the minimum number of detected ions receive a 

score of zero, and the largest score for all alignments is returned as the search result for 

that spectrum. Score, precursor m/z, retention time, scan number, charge estimation ratio, 

detected motif ions, and the raw spectrum of spectra receiving a non-zero score are 

reported in the results window. 

Ion pairs 

One of the spectral characteristics that SALSA detects are ion pairs, or two ions in 

a spectrum separated by a define distance along the m/z axis. Ion pair detection is 
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actually a special case of motif searching where only two ions are present in the series 

and both ions must be detected in order for the match to receive a score. 

Example of Motif Searching 

An example motif search is presented here to demonstrate the utility of this 

searching method. A tryptic digest of BSA was prepared as described in Chapter 3 

methods, and analyzed by LC-MS. The peptide SLHTLFGDELCK was chosen at 

random to be used in this search. From this peptide the sequence motif LHTLFGDELC 

is selected and entered into the search window of SALSA (Figure 4-8). The direction of 

the amino acids in the search window is important in SALSA, and a sequence entered in 

the N- to C- terminal direction will generate a theoretical series of yn-series ions while 

entry in the C- to N-terminal direction generates bn-series ions. Motifs are entered in 

either the Y- or B-direction, respectively or in both directions. Because cleavage with 

trypsin leaves a basic residue on the C-terminus, yn-series ions are usually more 

prominent, and the search is entered in the Y-direction. 

Results 

Search results are provided in Figure 4-9 and displays the score, the precursor m/z 

and the ion series that aligned with the motif. The first ranked spectrum matched nine of 

eleven possible ions from the tandem-MS. This first spectrum was identified as the 

peptide from which the motif was derived and the ions series detected by SALSA 

correspond specifically to its yn-series ions. The second spectrum listed matched eight 
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ions from the tandem-MS and each ion in the series has the same m/z as ions detected in 

the top ranked spectrum, thus indicating an association between the two precursor ions. 

The precursor m/z is different from the top ranked spectrum by 21.5 which corresponds to 

addition of 43 mass units to the precursor. The third ranked spectrum matched eight ions 

from the tandem-MS but a different set of m/z ions was detected by SALSA. A 

comparison of the ion series detected in this spectrum with the other two spectra shows a 

shift in the series of 43 possibly indicating a modified amino acid. The precursor mass of 

this spectrum is 86 mass units higher than the BS A peptide and 43 mass units greater and 

than the previous spectrum, suggesting an association between all three and possible 

adducts of 43 mass units. These precursor ions were all selected multiple times for CID 

during the LC-MS analysis, and thus appear more than once in the ranking and occupy 

the top nine ranked spectra. 
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Figure 4-8; SALSA motif search criteria for peptide SLHTLFGDELCK and 

sequence motif LHTLFGDELC entered in the Y-direction. 
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Discussion 

SALSA was used to search a BSA digest for the peptide SLHTLFGDELCK using 

the sequence motif LHTLFGDELC. A total of 454 spectra received scores greater than 

zero and the top ranked spectrum was identified as that of the native peptide, thus 

indicating the utility of SALSA to correctly match sequence motifs. Two additional 

MS/MS spectra were ranked close to that of with the native peptide and displayed ion 

series that matched the sequence motif. These spectra derived from precursor ions that 

appeared to be related to the native sequence, since the ion series detected was either the 

same as the native sequence or shifted by 43 m/z. The addition of 43 and 86 mass units 

resulting in precursors of 703.68 and 724.97 m/z, respectively, was determined to be due 

to carbamylation of the N-terminus and cysteine in the native peptide (172,173,174.175). 

This modification resulted in a shifted precursors m/z and product ions for 724.97 m/z, 

but because SALSA detects the pattern of product ions without regard to precursor m/z or 

position along the m/z axis, these spectra were correctly matched to the motif. 

SALSA correctly matched the native peptide to the sequence motif searched and 

ranked the spectrum first, but of the eleven possible ions that comprised the theoretical 

ion series, only eight were detected in the spectrum. The ninth ranked spectrum was also 

from this peptide and only matched six ions in the series. These observations indicate 

that SALSA is able to successfully match a motif to a spectrum even if all ions in the 

series are not present in the tandem-MS data. Also note that for both these spectra the 

first ion in the series at m/z 1275.6 is not detected, but the first detected ions were at m/z 

1162.6 and m/z 1025.4 for the Hrst and ninth ranked spectra, respectively, thus indicating 
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that SALSA is able to accommodate multiple missing ions at any position in the ions 

series. This is accomplished by performing multiple alignments of the tandem-MS data 

with different ions in the theoretical ion series and is unique to SALSA. 

A number of software algorithms are available to analyze tandem-MS data to 

identify peptides and were listed along with brief descriptions in Chapter 1. 

Bioinformatics; PepSea (112), PepFrag (113), Mascot (115), and Sequest (111,168). 

The motif-searching algorithm of SALSA distinguishes itself from these in the manner in 

which it searches and in its application. PepFrag, Mascot, and Sequest search databases 

for peptide sequences that correlate to tandem-MS spectra based on precursor and 

product ion m/z. SALSA searches tandem-MS data and retrieves all spectra that display a 

specific pattern of fragment ions without regard to position along the m/z axis or to 

precursor m/z. Variations in the peptide sequence (amino acid modification or 

substitution) may affect m/z of the precursor and product ions. Variations that are 

documented in the sequence databases can be correctly matched to the tandem-MS 

spectrum by traditional algorithms, but undocumented variations can not be correctly 

matched. Because SALSA matches patterns of fragment ions, MS/MS spectra depicting 

variations in the sequence that do not significantly alter the peptide motif will be 

retrieved and ranked similarly to the native sequence. Peptide variations that are not 

included in the databases may be anticipated and Sequest allows adjustment of amino 

acid masses in the search criteria to account for anticipated modifications. However, 

Sequest allows a maximum of three different modifications, thus limiting what can be 

anticipated. The difficulty with anticipating modifications is that the modification must 
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be anticipated. The motif algorithm does not require anticipation of modifications and 

the method of searching is particularly suited to detection of unanticipated variations in 

peptide sequences. The previous example clearly demonstrates this point. Prior to 

development and use of the motif searching SALSA algorithm, we were not aware of the 

ability of urea to form cyanate and modify peptides by carbamylation. Extensive 

searching with SALSA revealed this problem and we were able to modify our sample 

preparation techniques to minimize carbamylation. 

My application of the motif algorithm is primarily to modified peptides, but 

variations in peptide sequences due to polymorphism or gene mutation could also be 

detected by SALSA. The motif algorithm of SALSA is fully integrated with the 

algorithm that searches spectral characteristics, and sequence motifs can be combined 

with spectral features to perform a more focused search. For example, bn- and yn-series 

ions can be linked as secondary search criteria to a primary sequence motif as an alternate 

search strategy. In the paper that describes this algorithm, Liebler and coworkers applied 

motif searching to a mixture of human serum albumin and bovine serum albumin (776). 

SALSA ranked spectra of peptides that differed from the sequence motif by one amino 

acid among the top five highest ranked in this limited test. 
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CHAPTER FIVE - QUANTITATION OF PEPTIDES AND PEPTIDE ADDUCTS 

Introduction 

We have described methods for identifying protein targets of reactive 

intermediates as well as the specific amino acid residues of adduction in the previous 

chapters. However, the effects of any given protein adduct may depend on its relative 

abundance in a cell or tissue. Consequently, quantitation of identified protein adducts is 

of special importance to help determine the causal role of adduction in toxicity. 

Large scale quantitation of proteins has been a difficult task due to the number of 

different proteins within any given proteome. Absolute quantitation of proteins on a 

large scale has been achieved by incorporating [^^S]-methionine into proteins (,177) and 

Gygi et al. used this approach to critically evaluate the correlation between protein and 

mRNA abundance in yeast. However, this approach is impractical in higher organisms, 

particularly in vivo, is operationally hazardous, and is complicated by comigrating 

proteins on the 2D-PAGE. Moreover labeling protocols themselves can affect the 

biology of cells. Because quantitation is based on densitometry of whole proteins, 

modifications cannot be identified and individually quantified. Other approaches to 

protein quantitation use fluorescent dyes and have application to proteomics (i7S), but 

these methods also require detection of intact proteins from 2D-PAGE gels and are not 

necessarily applicable to adduct quantitation. 

The use of stable isotopes to differentially label protein or peptide solutions has 

also been described using a variety of different isotopic tags 

(179,180, J81,182,183,184, J85,186), and quantitation is accomplished by measuring the 



123 

ratios of labeled peptide (after proteolysis of a labeled protein) between two samples by 

mass spectrometry. The advantage to this type of approach is that proteins and peptides 

are unambiguously identified at the time of quantitation. These methods show the most 

promise for quantitation of adducts. and the advantages and limitations of individual 

labels and approaches in regard to adduct quantitation is discussed below. 

Oda et al. described growing yeast in '"^N and '®N enriched media so that similar 

proteins from differentially labeled samples would differ by the number of '^N 

incorporated into each protein (180). Differentially labeled samples are harvested and 

combined, and proteins are fractioned prior to proteolytic digestion and mass 

spectrometry analysis. Relative quantitation is performed by calculating the ratio of the 

intensity of '"^N to peptides. This method is universally applicable to all peptides, and 

Oda et al. compared differences in phosphorylation between test samples (180). Labeling 

is practically applicable only to cell systems, thus precluding in vivo analyses and is 

limited by the availability and expense of '^N enriched media. 

Another method incorporated two atoms of '^O or from Hi'^O or into 

the C-terminus of peptides during proteolysis, which enabled differential quantitation and 

facilitated de novo sequence determination (182), but highly enriched (>95%) 

water was required and is difficult and expensive to obtain. 

Gygi and coworkers described isotope-coded affinity tags (ICAT) that specifically 

modifies cysteine residues to allow relative protein quantitation (187). This labeling 

strategy epitomizes stable isotope labeling of proteins and peptides and will be described 

in detail for comparison with other strategies. Two isotopic forms of the ICAT reagent 
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are available that differ by eight deuterium atoms. Protein samples ate differentially 

modified at the cysteine residues with either the light or heavy form of the ICAT reagent 

and combined (Figure 5-1). Proteins are then proteolyzed and ICAT-labeled peptides are 

selectively purified using the biotin linker on the ICAT reagent, thus simplifying the 

mixture. Labeled peptides are analyzed by LC-MS/MS for protein identification and the 

relative abundance of light to heavy labeled peptide is indicative of the relative protein 

abundance in the two samples, thus enabling relative comparisons. The ICAT reagent 

has been used for comparisons of complex protein mixtures (188,179) and a main 

advantage is the ability to selectively purify only ICAT labeled peptides. Unfortunately, 

this precludes adduct quantitation since adducts are likely to occupy sulfhyryls and 

peptides are not quantified unless they contain a cysteine. The advantage of this dual 

label approach where labels differ only by deuterium atoms is that differentially labeled 

peptides generally coelute in reversed phase separations and ionization in the source is 

similar, thus minimizing variation in quantitative measurements. A general scheme for 

isotope tag peptide labeling is presented in Figure 5-1 together with the ICAT scheme. 

Other isotopic tagging approaches target functional groups of other amino acids 

post-digestion to prevent interferences from the label on proteolysis and to exploit newly 

formed amine and carboxyl groups on every peptide. These include carboxyls (185), e-

amine of lysine (186), the N-terminus (184), or amines in general (183,181). These 

approaches allow more extensive labeling of peptides, and approaches that target 

carboxyls or N-terminal amines potentially enable quantitation of any peptide of a protein 

including modified peptides. Nevertheless, all of these approaches have drawbacks that 
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limit their application to protein adduct quantitation. For adduct quantitation, universal 

labeling of peptides is preferred since an adduct may be present on any peptide. Thus a 

lysine-specific tagging strategy would only apply to adducts on lysine-containing 

peptides. Isotopic labels described by Goodlett and by Ji and coworkers differ by 3 amu, 

however doubly and triply charged peptides with the labels would differ in m/z by 1.5 and 

I, respectively, thus complicating quantitation on low resolution mass spectrometers like 

our ThermoFinnigan LCQ. The deuterated label described by Munchbach et al. differs 

by 4 amu from the native label, but derivatization requires an additional steps of blocking 

lysine residues, and the label is not commercially available. 

A stable isotope labeling method was developed to quantify peptide adducts of 

reactive intermediates by universally labeling peptides at the N-terminus. This label is 

suitable for relative quantitation by low resolution mass spectrometry and uses 

commercially available chemicals. In this chapter, application and validation of the 

labeling scheme was described and the approach was applied to differential quantitation 

of hemoglobin adducts of styrene oxide. 



Methods 

127 

Chemicals and Solvents 

Phenyliscx:yanate (PIC) (98%) was purchased from Aldrich and used without 

further purification. Deuterated (ds-) phenyiisocyanate (98%) was purchased from 

Isotech, Inc. Atrial natriuretic factor, firog (Frog24) (sequence: SSDCFGSRIDRIGAQ 

SGMGCGRRF), Peptide 6A (sequence: ARPAK), and C3a (sequence: ASHLGLAR) 

were purchased from Bachem Bioscience, Inc. Bl chain fragment (925-933) was 

obtained from Synpep Corp. 

Standard Peptide Solutions 

Two standard peptide solutions were prepared in water using Frog24, Peptide 6A, 

C3a, and Bl chain fragment and designated Standard peptide solution I or 2. The 

concentrations of the peptides in solution I were 48, 24, 120, and 84 pmol jiL"', 

respectively. The concentration of all peptides in solution 2 was 12 pmol 

Check of ds-PIC Purity 

TpepC was dissolved to 0.02 mg mL*' in 10 mM HEPES, pH 8.0 and a final 

volume of 200 |iL. The cysteines were blocked by addition of 5 mM iodoacetamide and 

incubating the solution in the dark for 15 minutes. ds-PIC (6 ^iL of 0.1 M in ACN) was 

added to the solution and incubated for 15 minutes at 37°C after which 1 |xL of 
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concentrated formic acid was added to terminate the reaction. The solution was diluted 

1:10 in 0.1% formic and analyzed by LC-MS. 

Differential Labeling of TpepC 

Two samples of TpepC in separate tubes were diluted to 0.0775 mg mL"' with 10 

mM HEPES, pH 8.0 and a final volume of 200 lodoacetamide was added to a final 

concentration of 5 mM, and the solutions were incubated in the dark for 15 minutes at 

room temperature. Unlabeled (do-) or ds-PIC diluted in ACN to 0.1 M was added to each 

sample to a final concentration of 3 mM and then incubated at 37°C for 15 minutes. Both 

samples were then acidified with I jiL of concentrated formic acid, combined at ratios 

from 100:1 to 1:100, and diluted with 0.1% formic acid to a final volume of 100 (iL prior 

to LC-MS analysis with a fast gradient. 

Differential Labeling of TpepC in a BSA Digest 

Two sets of 13 samples were prepared containing equal amounts of BSA (69 iig 

mL"'), 5 mM TCEP, and 50 mM HEPES pH 8.0. TpepC was added to each of the sample 

tubes such that when the sets were later differentially labeled with either do-PIC or ds-PIC 

and combined at 1:1, the ratio of TpepC would range from 0.1 to 10. Samples to be 

labeled with do-PIC were spiked with 5 ̂ L of the Solution 1 standard peptides mix and 

all others were spiked with Solution 2. lodoacetamide was added up to 10 mM and 

samples were incubated at room temperature in the dark for 15 minutes. Trypsin was 
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then added to each tube individually at 1:25, trypsinrprotein, and allowed to digest at 

37°C for 20 hours. 

After digestion, samples were labeled with either do-PIC or ds-PIC in the same 

manner as the TpepC differential labeling experiment and combined in equal amounts. 

Analysis was performed by LC-MS with desalting using a Captrap peptide trap (Michrom 

BioResources, Inc.). 

Analysis of Differentially Labeled Peptides 

The ratio of differentially labeled peptides was calculated by integrating the area 

under the curve for the monoisotopic mass of the peptide with the unlabled and ds-PIC. 

A mass window of ±0.3 amu was allowed, and the ICIS peak detection algorithm feature 

of Xcalibur™ was used for automated detection of peaks. For lower abundance peaks, or 

for peaks severely interrupted by MS/MS scans, ICIS failed, and the peak was integrated 

manually. Unless otherwise noted, ratios are reported as AUC for do-PIC peptide divided 

by AUC for ds-PIC peptide. 

LC-MS Analysis 

LC-MS/MS analysis of samples was performed with an acetonitrile gradient and a 

Monitor C18 (Column Engineering) packed tip with 100 |im ED, 360 iJ.m OD, and 5-15 

micron tip opening. The flow from the HPLC pump was split to achieve 500 nL to 1 

flow rate from the packed tip. Generally, two gradients were used, fast and normal, 

depending on the complexity of the sampled being analyzed. The fast gradient began at 
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98:2:0.1 water:ACN:formic acid, and at two minutes a 10 minute linear gradient 

increased acetonitrile to 80%. Total analysis time for the fast method was thirty minutes. 

The normal gradient was held at similar starting conditions for 5 minutes. Linear 

gradients increased ACN to 60% by 45 minutes then 80% ACN by 47 minutes. The 

entire analysis time was 6S minutes. 

LC-MS Analysis with Captrap Desalting 

Captrap peptide trapping cartridges and the holder were obtained from Michrom 

BioResources, Inc. The setup used for Captrap desalting is shown in Figure 5-2. A KD 

Scientific Model 100 syringe pump was used to load the sample onto the captrap using 

0.1% formic acid in water at a flow rate of 5 |xl min"'. Loading and rinsing of the sample 

was completed in 15 min. After loading, the LCQ valve was switched so that the Captrap 

was in line with the HPLC and the packed tip. A gradient similar to the one described in 

the previous section eluted peptides from the trap for separation on the packed tip without 

interference from salts. 

Preparation of Hemoglobin Adducts of Styrene Oxide 

Human hemoglobin was obtained from Sigma and diluted in isotonic saline to 4 

mg mL"' in 50 mL final volume. Concentrated styrene oxide or styrene oxide diluted in 

methanol was added for final concentrations of 0.0,0.04,0.4,4, 20,40, and 400 mM and 

the solutions were incubated with shaking at 37°C for six hours. Isopropanol 35 mL with 

50 mM HCl was added and the samples were centrifuged at 2000 rpm to precipitate the 
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heme. Protein was precipitated from the supernatant by addition of 50 mL of ethyl 

acetate and brief centrifugation. Protein pellets were washed with 10 mL of ethyl acetate, 

vacuum filtered, and rinsed again with hexane. The air-dried protein residue was stored 

at -20°C until analyzed 
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5 |aL min*^; 0.1% 
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To Waste iL min" 

Splilter 
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Figure 5-2: Diagram of the plumbing setup for LC-MS analysis using Captrap 

desalting. 
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Analysis and Quantitation of Styrene Oxide Adducts 

Protein was weighed out from each treatment sample and diluted in 6 M 

guanidine HCl, 50 mM HEPES, pH 8.0 to 10 mg mL"'. The protein content of each 

sample was measured using the BCA assay and subsequent dilutions were adjusted to 

correct for variations that may have arisen from weighing error. Samples were diluted in 

2 M urea, 50 mM HEPES pH 8.0 to 5 mg mL*' protein and 5 mM TCEP prior to addition 

of iodoacetamide to a concentration of 10 mM and incubation in the dark at room 

temperature for 15 minutes. Samples then were diluted with the same buffer to O.l mg 

mL"' protein and digested with trypsin as previously described. Seven separate dilutions 

of the 40 mM treatment were prepared and digested. These samples were labeled with 

do-PIC while all others were labeled with ds-PIC as previously described. Each dose was 

then combined 1:1 with the do-PIC labeled 40.0 mM samples. Samples were analyzed by 

infusing 10 pil of sample into a Monitor C18 packed tip at a flow rate of I ^l min"'. The 

tip was then rinsed with 98:2:0.1 water ACN:formic acid for ten minutes prior to normal 

LC-MS analysis as previously described. Hemoglobin adducts of styrene oxide have 

previously been described using this system by Badghisi et al. and were located in the 

chromatogram/datafile by searching for the protonated monoisotopic mass and verifying 

the previously reported sequence from the accompanying MS/MS spectra {189). Relative 

quantitation of peptides was performed from integrating peak areas as described above. 
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Results 

do-PIC and ds-PIC were selected as differential N-terminal labels for relative 

peptide quantitation. The labeling technique was validated using the peptide TpepC 

(sequence AVAGCAGAR) alone and in a BSA digest. 

Figure 5-3: Reaction of PIC with the N-terminus. Hydrogen atoms of 

the phenyl ring are replaced with deuterium atoms for ds-PIC. 

Labeling of TpepC 

ds-PIC was reacted with TpepC to determine the extent of reaction with the 

peptide and purity of ds-PIC as analyzed by LC-MS (Figure 5-3). A single peptide 

derived product was obtained at retention time 27.34 and no residual TpepC was 

observed (Figure 5-4A). Other peaks in the chromatogram were identiHed as PIC or side 

products of PIC and were present in incubations of PIC alone (data not shown). An 

average full scan spectrum of ds-PIC labeled TpepC is shown in Figure 5-4B with the 

region around the singly charged ion, m/z 956.4, expanded to 5X. A minor d* isotope is 

observed at m/z 955.5 and is calculated to be present in less than 2% of the ion current for 

the ds-PIC derivatives. 
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Figure 5-4: A) Base peak chromatogram of ds-PIC labeled TpepC. B) Averaged 

full scan spectrum corresponding to ds-PIC labeled TpepC. 
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DifTerential Labeling of TpepC 

TpepC was differentially labeled with ds- or do-PIC, combined in ratios from 0.01 

to 100, do:d5, and analyzed by LC-MS. This experiment was repeated three times to 

determine interexperiment variability and plots of expected versus observed ratios for the 

entire range (0.01 to lOO.O) and a limited range (0.1 to lO.O) are displayed in Figure 5-5. 

R~ values greater than 0.99 were calculated for both plots and the slope of the trend lines 

were 1.43 and 1.57 for the limited and entire ranges, respectively. 

A set of samples from one differentially labeled TpepC experiment were analyzed 

three different times over several days to assess any variation imposed by length of time 

prior to LC-MS analysis (Figure 5-6 A, B). Plots of the entire range of ratios and the 

more limited range were nearly identical to the previous experiments with similar 

linearity, slopes, and standard deviations. 

Differential Labeling of TpepC in a BSA Digest 

TpepC was spiked into a BSA solution along with standard peptides prior to 

digestion and differential PIC labeling in order to assess this labeling technique in a 

complex mixture. Standard peptides. Peptide 6A, Frog24, BI Chain fragment, and C3a, 

were added to each sample tube such that when the samples were combined at 1:1 after 

digestion and labeling the ratio of these peptides in each tube would be 2, 4, 7. and 10, 

doids, respectively. In essence, these peptides establish a standard curve to verify labeling 

in general and evaluate quantitation of peptides present at different abundances. The 

Frog24 peptide has tryptic cleavage sites and requires digestion for detection. BSA 
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peptides should be present at a ratio of 1:1, and three were chosen at random for use in 

the plot of standard peptides, AEFVEVTK, LCVLHEK, and DETMR. 

A plot of the average and standard deviation of the observed ratios of each 

standard peptide and the three selected BSA peptides versus their expected ratio is shown 

in Figure 5-7. A linear relationship with an R" value of 0.9932 and slope slightly greater 

than one exists between the standard peptides. With the exception of the C3a peptide, the 

standard deviation of the standard peptides is small. Digestion with trypsin is a 

problematic step in this technique, since the samples are digested separately and 

differences in digestion would result in variable and unreliable relative quantitation. The 

three BSA peptides used for the standard peptides curve had average ratios of 0.99 ± 

0.12, 1.02 ± 0.09, and 0.97 ± 0.12, and the Frog24 peptides in each sample with an 

expected ratio of 4 had observed ratios of 4.51 ± 0.55 and 4.34 ± 0.67. 

The relative ratio of TpepC was varied between samples from 0.1 to lO.O, and the 

graph of observed versus expected ratios was linear with a slope slightly greater than one 

(Figure 5-7). The plot of TpepC and its trend line nearly overlap that of the standard 

peptides. 
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Figure 5-7: Differentially labeled TpepC in a BSA digest. A standard set of 

peptides. Peptide 6A, Frog24, BI Chain fragment, and C3a, were spiked into each 

sample at ratios of 2,4, 7, and 10, respectively. The average and standard 

deviation for each standard peptide for all samples is plotted against its expected 

ratio (square markers with dashed trend line, R" = 0.9932, y = 1.0648x - 0.0751). 

TpepC differed across samples from 0.1 to 10 (round marker with solid trend line, 

R- = 0.9803, y = 1.1041X - 0.0236). 
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Differential Quantitation of Styrene Oxide Adducts of Hemoglobin 

Hemoglobin was treated with increasing doses of styrene oxide in isotonic saline, 

the protein purified and digested with trypsin with some modification of previous 

protocols (190,189). Styrene oxide adducts were mapped by Badghisi et al. to individual 

residues of several peptides including cysteine-93 and histidine-77 of the beta chain and 

the N-terminal valine residues of both chains. In order to provide a practical example of 

this N-terminal labeling technique, samples of styrene oxide treated hemoglobin were 

differentially labeled with PIC and levels of adducts for several exposure concentrations 

compared to those resulting from the 40 mM dose. A concentration/adduct ratio curve 

was plotted for peptide adducts identified in the styrene oxide-treated hemoglobin and is 

provided as a semi-log plot in Figure 5-8. Eight unique adducts were identified and 

verified by tandem-MS and annotated spectra of each are located in Appendix 2. GHGK 

and AHGK each produced two chromatographically resolved adducts with identical 

tandem-MS spectra which are designated I and 2 based on order of elution. The styrene 

oxide adduct of LHVDENFR is assumed to be present at the histidine but tandem-MS 

data can only localize the adduct to the sequence HVD. Each of the peptide adducts 

demonstrates a concentration-dependent formation of peptide adducts, as indicated by the 

increase in the relative ratio at the higher doses. Because peptide adducts were quantified 

in relation to the 40 mM dose, the ratio should approach 1 at 40 mM and generally does. 

Peptide adducts of both cysteine containing peptides, AHGKl, and GHGKl reached their 

maximum levels before the 40mM dose and either decrease or remained constant. All 

adducts decreased at the highest dose of 400 mM. 
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Discussion 

Quantitation of peptide adducts is necessary to establish the role of protein 

modification in cellular toxicity. Stable isotopic labeling of peptides enables differential 

quantitation of proteins and peptides from complex mixtures by MS. Several stable 

isotope labels have been described for protein quantitation but no approach enabled 

quantitation of all peptides in a protein and provided a large enough mass difference 

between isotopes to allow analysis on lower resolution mass spectrometers. We have 

validated PIC as a new stable isotope label for N-terminal modification of peptides and 

validated its application to differential quantitation of peptide adducts. The ds-PIC is 

commercially available in high purity and low cost. A difference of 5 amu between light 

and heavy forms of the label enables lower resolution mass spectrometers to clearly 

resolve singly and doubly charged ions. The active portion of the label is an isocyanate 

and has reactivity toward amino (/72), sulfhydryl {191), carboxyl (772), and hydroxyl 

groups that differs with pH {192). Reactions with carboxyls and hydroxyls proceed only 

at low pH. Although isocyanates are more reactive toward sulfhydryls than toward other 

functional groups, cysteines are typically reduced and alkylated as part of the digestion 

scheme, thus rendering them unavailable for reaction. Stark observed that reactivity 

toward amines was a function of pKa, and reactions with E-amino groups such as lysine 

proceeded 100 times slower than a-amines at near neutral pH {172), thus indicating that 

the solution pH could be controlled to selectively direct modification of a-amines. 

The reaction conditions for PIC labeling described here are uniquely suited for 

differentially labeling protein digests. PIC labeling was performed in the same buffer and 



143 

at the same pH as trypsin digestion, thus reducing sample handling, and excess PIC is 

quickly destroyed by addition of acid prior to LC-MS analysis (772). The high reactivity 

of isocyanates toward amines is demonstrated by our initial experiment where ds-PIC was 

incubated with TpepC and no residual unmodified peptide was detected after a I5-minute 

incubation, thus indicating quantitative labeling of the peptide. The labeling reaction is 

complete by 15 minutes as opposed to hours for other methods (179,181,184,183), and 

yields a single peptide-derived product. 

Our intention was to use PIC to differentially label peptides to allow relative 

quantitation. TpepC was differentially labeled in three separate experiments in order to 

evaluate reproducibility, dynamic range, and linearity of PIC labeling. Observed ratios of 

labeled TpepC were linear across a 10,000 fold range of concentration ratios from 0.01 to 

100 with an R" value of >0.99 (Figure 5-5), thus indicating a wide dynamic range for 

quantitation. The slope of the trend line was slightly greater than 1.0 and this appears to 

be due to carryover between injections. This is only an issue for running sequential 

analyses and can be remedied by flushing the system between injections. Variability 

between experiments was less than 10% for the range of 0.1 to 10 except for a single 

point at 7.5, and the range from 10 to 100 remained below 20% standard deviation, thus 

indicating good reproducibility between experiments and is similar to or less than other 

labeling techniques (180,183). Variation between analyses was similar over the course of 

several experiments, thus indicating no significant impact of instrumental variation on 

quantitation. 
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Differential quantitation with PIC was also evaluated in a tryptic digest of BSA 

with multiple standard peptides whose concentration ratios varied within each sample and 

TpepC whose concentration ratio varied between samples (Figure 5-7). Similar to the 

previous experiments, quantitation of TpepC was linear across the 100 fold range of 

concentration ratios, thus indicating that quantitation of peptides can be compared across 

samples. Because of this, PIC labeling is applicable for determination of dose response 

and kinetics of formation of peptide adducts. In this experiment, a lower concentration of 

TpepC was used which reduced carryover between analyses resulting in a slope of the 

trend line of I.I, thus observed ratios directly reflected the actual ratio in the sample. 

The observed ratios of standard peptides aligned linearly with the slope (1.06) of 

the trend line, also indicating that observed ratios of these peptides directly reflect actual 

ratios in the samples. Proteolysis was performed prior to PIC labeling, and cleavage of 

the Frog24 and BSA was necessary for detection and quantitation of peptides that 

comprise the standard curve. Variation in proteolysis between samples would decrease 

the reliability of quantitation and increase the standard deviation between samples. Three 

BSA peptides were selected at random for the standard curve and each varied by less than 

10% from the expected ratio of 1. Two Frog24 peptides were released by proteolysis and 

detected for the standard curve with a standard deviation of less than 15%, thus indicating 

that proteolysis did not significantly affect relative quantitation of these peptides by PIC 

labeling. The variation of other standard peptides was less than 15% except C3a, which 

was 21%. Taken together these data demonstrate that differential PIC labeling can be 

applied to quantify multiple peptides present at different concentration ratios within the 
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same sample and with low variability between samples. Trend lines for TpepC and the 

standard peptides are nearly superimposable, thus indicating that quantitation of peptides 

by PIC labeling is the same across multiple samples as it is within a single sample. 

Modification of peptides with other labels has been shown to affect fragmentation 

in CID (186,184). I observed that fragmentation of multiply-charged PIC-modified 

peptides were not affected by labeling. A neutral loss of PIC typically dominated singly-

charged spectra, but informative peptide sequence information was still obtained (data 

not shown). Sequest generally yielded similar overall peptide sequence coverage for 

naive and PIC labeled protein digests when Sequest was informed of the PIC 

modification. 

My ultimate goal is to apply this differential labeling technique to quantify 

adduction of peptides by reactive compounds. To this end styrene oxide was reacted with 

hemoglobin and a concentration/adduct ratio curve was plotted for the formation of eight 

peptide adducts (Figure 5-8). Adducts were located in the chromatogram and verified by 

tandem-MS (Appendix 2). Peptide adducts at all concentrations along the dose response 

curve were quantified relative to the same adducts in the 40 mM sample, thus all adducts 

approach I.O at the 40 mM dose. All adducts demonstrated a dose response, approaching 

zero at the lowest dose and increasing in abundance at the 20 and 40 mM doses. The two 

chromatographically resolved adducts of GHGK and AHGK may either be positional 

isomers that differ in position of attachment of the peptide to styrene oxide (alpha versus 

beta to the phenyl ring) or diastereomers. Chromatographically resolved isomers are 

possible for all peptide adducts, but were only observed for the GHGK and AHGK 
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adducts. The size of the other peptide adducts may overwhelm differences in 

chromatographic resolution due to isomers. (Note that correlations between adducts can 

not be inferred from this data since absolute quantities of peptide adducts are not known.) 

The abundance of all peptide adducts was diminished at the 400 mM treatment for 

unicnown reasons. Multiple adducts per peptide may have been formed at higher doses, 

thus complicating detection and decreasing levels of singly adducted species. Adduction 

at lysine residues at higher doses may also prevent cleavage precluding detection. 

In this work, a new differential isotopic label, PIC, was validated for peptide 

quantitation. The reagent is commercially available, the labeling reaction proceeds 

quickly under the same buffer conditions as trypsin digestion and products are amenable 

to analysis by lower resolution mass spectrometers. I expect that this method could be 

applied to quantitation of protein adducts or post-translational modifications and kinetic 

studies to determine the rates of formation of modiHcations at any site within a protein. 

A disadvantage of the PIC label compared to solid phase or affinity tag isotope labels 

(e.g., ICAT) is the lack of simplification of the mixture by selective capture of a 

subpopulation of peptides. Others have described selective puriHcation of cysteine- or 

histidine-containing peptides prior to LC-MS analysis to simplify the mixture and 

facilitate protein quantitation {181,183). Thus, optimal application of PIC labels would 

be to samples containing a limited number of proteins or in analyses involving more 

extensive protein or peptide fractionation prior to MS analysis. 
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CHAPTER SIX - SUMMARY 

Protein modification by reactive compounds has been documented for more than 

five decades (i), and in the interim, a handful of protein targets of different reactive 

intermediates has been identified (77). Despite the diligent work of several groups, a 

causal role for protein adduction in cellular toxicity remains uncertain primarily due to 

limited information about which proteins are modified. Recent advances in the area of 

mass spectrometry and sequencing of several genomes, including human have spurred 

efforts to characterize whole proteomes. To this end, new methodologies for large scale 

protein identification and quantitation have been developed and these techniques have 

application to protein adduct characterization. The ultimate goal of my group was to use 

these techniques, particularly mass spectrometry, to identify and quantify protein targets 

of reactive intermediates. This dissertation described the groundwork for a new approach 

to adduct detection using mass spectrometry and the novel data reduction software 

SALSA. Validation of a new stable isotopic label to allow differential quantitation of 

peptide adducts using mass spectrometry was also described . 

Adduct-Specinc Fragmentation 

My initial objective was to characterize the fragmentation of adducted peptides in 

CID. Peptide firagmentation had previously been described by Hunt et al. and favored 

cleavage at the peptide bond (86), and specific peptide modifications have been described 

to produce modification-derived fragment ions which enabled detection (193). We 
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hypothesized that peptide adducts would also produce specific fragmentations that would 

allow their detection. Consequently, benzoquinone was selected as a model electrophile 

and cysteine-containing peptides were reacted with BZQ and characterized by tandem-

MS. BZQ was selected based on its putative role as a myelotoxin and known ability to 

modify cysteine residues (726). Cysteine residues were expected to be a likely target of 

BZQ due to the soft nucleophilic nature of the sulfhydryl, so all model peptides contained 

cysteine residues. Tandem-MS of adducted model peptides yielded peptide sequence 

information that located adducts to the sulfhyryl group of cysteine residues. Adduct-

specific fragments were observed and confirmed by MS^ analysis and consisted of two 

ion pairs and a single neutral loss. A total of twenty-seven peptide adducts were 

characterized for BZQ including several resulting from treatment of a BSA digest with 

BZQ, and each peptide adduct exhibited fragments that were characteristic of adduction. 

Characterization of these fragments was encouraging and suggested that adducts could be 

selectively detected based on their tandem-MS spectra. Nevertheless, only two of the 

model peptide adducts demonstrated all three adduct-specific fragments and no single 

fragment was observed for all peptides. The neutral loss of 142 was the most prominent 

and was present in the majority of peptide spectra but not all. 

At the outset of this project, I had expected to use some form of instrument 

method to scan for precursor ions that demonstrated the characteristic features of 

adduction (that is, scanning for a particular neutral loss or product ion), but the data from 

the model peptide adducts suggested that scanning for any one single feature would only 

detect a fraction of the suite of adducted peptides present in a sample. Consequently, I 
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decided to collect tandem-MS spectra on all sample components and search spectra for 

adduct-specific fragments postanalysis. However manual searching was impractical and 

not suited to detection of adducts in complex mixtures. It was therefore out of necessity 

that my group developed an algorithm to search tandem-MS data for spectral 

characteristics. 

SALSA for Spectral Features 

The second specific aim of our research was to develop software that was able to 

screen tandem-MS spectra for adduct-related spectral characteristics in order to facilitate 

detection of peptide adducts. A variety of bioinformatics software was available for 

analysis of tandem-MS spectra, but most were designed for protein identification and 

none were able to utilize adduct-specific fragment information. We required an 

algorithm that was able to screen tandem-MS spectra for specific types of spectral 

features observed in our work with model peptide adducts (neutral and charged losses, 

product ions, and ion pairs) and report a single combined score for each spectrum. 

Development of the algorithm was a collaborative effort between myself, Julie Jones, 

Beau Hansen, a computer programmer (Sean Davey), and Dr. Liebler. Novel features of 

SALSA were I) the ability to search spectra simultaneously for multiple characteristics, 

thus enabling adduct detection, 2) a hierarchal form of scoring, thus allowing refinement 

of search parameters and more selective searches, 3) scoring based on %TIC to reduce 

bias toward high abundance spectra and 4) a single reported score per spectrum 

regardless of the number or type of search criteria. 
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In order to evaluate the SALSA algorithm for detection of peptide adducts, a BSA 

digest was treated with the GS-BZQ and analyzed by LC-MS. No apparent differences 

between the treated and standard digests were observed in the total ion chromatograms. 

SALSA was used to search for spectra displaying features of GS-BZQ adduction. Six 

adducted peptide spectra were scored and ranked at the top of the search results, even 

though the precursor ions were at or near the limit of detection. These results suggested 

to us that this approach could be successful and that even adducts present in low 

abundance could be located by searching for spectral characteristics with SALSA. 

SALSA for Motifs 

A limitation of the preceding SALSA algorithm was that it could not detect 

modifications that did not produce adduct derived fragments. In order to accommodate 

this possibility, SALSA was expanded with a separate aigorithm that searches spectra for 

precise patterns of product ions or peptide motifs. SALSA motif searching was 

distinguished from other algorithms that recognize patterns of product ions by searching 

spectra without regard to the precursor m/z or the position of the ions along the nt/z axis. 

I suggested that these characteristics uniquely suited the algorithm to detection of 

unanticipated peptide modifications. This was exemplified by identification of two 

carbamylated peptides from a BSA digest that were modified at the N-terminus and at a 

cysteine residue. The SALSA motif searching algorithm was integrated with the 

previous SALSA algorithm and spectral characteristics can be included in the same 

search criteria as motif searches. 
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Application of Our Approach to Real Samples 

I previously determined that peptide adducts often do produce specific 

fragmentation in CID and SALSA was able to screen spectra for any combination of 

spectral features. Subsequently, a collaboration with Dr. Lau of the University of Texas 

at Austin was begun to identify protein adducts in Icidney subcellular fractions from rats 

treated with GS-HQ. Quinone thioethers were described to be specifically toxic to renal 

tubule cells based on their interaction of the substituted glutathione moiety with y-GT. 

The fragmentation of seven model peptide adducts of the quinone were characterized and 

multiple adduct-specific fragment were verified including four neutral losses, two 

charged losses and two ion pairs. 

Western blot analysis using antibodies raised against the quinone thioethers and 

provided by the Dr. Lau's group indicated the presence of protein adducts at discreet 

proteins. These were resolved by ID gel electrophoresis, enzymatically digested, and 

analyzed by LC-MS prior to SALSA searching using the adduct-specific characteristics. 

However, no spectra of peptide adducts could be identified for any of the fractions even 

after pooling multiple gel bands to increase recovery of peptides from the gel. The 

specific problem was poor recovery from the polyacrylamide gel, such that even protein 

identification was difficult. Better approaches to sample preparation would have been 1) 

to eliminate gel preparation altogether and perform some other whole protein 

fractionation procedure to simplify the mixture prior to digestion or 2) digest the entire 

protein solution and analyze by LC/LC-MS. At the time, neither of these analytical 

options were available to us. 
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The other main problem was uncertainty concerning the exact type of adducts 

formed in vivo since multiple substitutions to the quinone were possible as well as 

elimination of y-glutamate and glycine from the gluthathione. These observations 

illustrate the limitations of our proposed approach. Specifically, the final adducted type 

must be known in order to characterize the fragmentations of model peptides, and 

adducted peptides must be abundant enough to be detected by tandem-MS, thus 

indicating that sample preparation and fractionation methods must be efficient. 

Quantitation of Peptide Adducts 

The final specific aim of my research was to develop a method to quantify 

adducted peptides using mass spectrometry since the effects of adduction may depend on 

its relative abundance in the a cellular tissue. Various stable isotope labels were available 

for peptide quantitation, but no such regent labeled all peptides and imparted a large 

enough mass difference between isotopomers to allow resolution and quantiation on 

lower resolution mass spectrometers. I described development of a new stable isotopic 

N-lerminal label using commercially available do- and ds-PIC, which has a difference of 

5 amu between isotopomers, thus enabling quantitation by low resolution mass 

spectrometry. Quantitative peptide labeling required reaction conditions similar to 

trypsin digestion, thus reducing sample handling. Labeling with PIC was demonstrated 

to be quantitative within a short incubation time and differential quantitation was 

validated in both a single peptide solution and in a more complex BS A digest. Relative 

quantitation was linear over a 10,000 fold range of concentration ratios, and 



153 

interexperiment variation was low and similar to other labeling techniques. I also 

demonstrated that multiple peptides at different ratios could be quantified in the same 

sample and that peptide quantitation could be compared across samples. Sequest was 

able to identify peptides labeled with PIC, provided that the search criteria for the N-

terminus were altered to reflect the modification, thus indicating that informative peptide 

fragmentation was conserved. Finally, we described application of the new label to 

quantitation of eight hemoglobin adducts of styrene oxide and demonstrated a 

concentration response for adduction in vitro. 

Future Efforts for Protein Adduct Characterization 

This dissertation described a novel method for detection of peptide adducts of 

reactive intermediates using mass spectrometry and the data reduction algorithm SALSA 

and a new stable isotopic label to determine relative adduct abundance. The overall goal 

for the development of these methods was to determine which proteins are modified and 

their abundance in order to elucidate the role of protein adduction in cellular toxicity. 

Although these methods have been demonstrated in vitro for detection and quantitation of 

unknown peptide adducts, analysis of in vivo samples has proven to be more difficult and 

adducts have yet to be identified. However, identification of protein adducts in vivo and 

in cell systems is necessary to determine any effect on toxicity. Current fractionation 

methodologies in our laboratory have been inadequate to enable tandem mass 

spectrometry analysis of whole cell digests and have prevented detection of adducts in 

complex systems. In order to overcome this issue of sample complexity future efforts for 
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this project should be concentrated in two directions: 1) In the short term, critical 

proteins which have previously been reported to be effected by BZQ (127,130,131) 

should be isolated from complex mixtures and the sites of adduction identified and 

quantified in order to determine any causal role for these protein adducts in toxicity. 2) 

New methodologies for fractionation of complex mixtures at both the protein and peptide 

level should be developed so that new protein adducts can be identified with our 

previously described methodologies. 

BZQ was previously shown to inhibit the SH-dependent proteins calpain (127) 

and topoisomerase II (130,131). These proteins have direct affects on cellular 

homeostasis and inhibition may result in toxicity. Isolation of these proteins from 

complex mixtures can be performed with the use of antibodies raised against the protein 

itself, thus simplifying the mixture and enabling greater sequence coverage of the protein 

and putative adducts. Adducts can then be quantified using the differential PIC label. An 

assay is currently available to evaluate topoisomerase II activity and calpain activity can 

be assessed by cleavage of D-la or Il-ip, thus enabling a direct correlation between any 

adducts and protein function. These short-term experiments focused of putative BZQ 

targets will help to establish a causal role of protein adduction in toxicity. However, it is 

possible that the inhibition of these proteins may be due to oxidation of cysteine residues 

within the active site and oxidized cysteines can also be quantified and related to changes 

in activity. 

Development of fractionation techniques for proteins and peptides prior to mass 

spectrometry is a long term goal that will require continued improvement, but initial 
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implementation of two dimensional LC techniques is necessary in order to analyze more 

complex peptide digests. However, I believe that this method will prove to be inadequate 

for detection of adducts on a proteome-wide scale based on previously reported data. 

Hundreds of proteins have been identified using LC/LC methods but only a small fraction 

of the total sequence has been obtained for the majority of these proteins (81,109,110). 

Consequently, fractionation at the protein level is a necessity to reduce sample 

complexity. PAGE has generally been used to resolve protein mixtures but recovery of 

peptides from the gels is poor. Also, PAGE has not changed significantly since the 

1970's when ID and 2D PAGE were initially reported (89,90,91). I suggest the 

development of a new polymer gel with a cleavable matrix that would enable release of 

whole proteins for subsequent in-solution or online digestion to maximize peptide 

recovery and reduce sample handling. 

Concluding Remarks 

IdentiHcation of modified proteins has proven to be a more difficult task than 

originally anticipated since we had expected to be able to report a suite of protein targets 

for BZQ and GS-BZQ. Despite this, the methods that were developed and described in 

this dissertation continue to be applied to protein modifications in our group and by 

others, and problems that we encountered with sample preparation, recovery of peptides 

and fractionation of complex mixtures are active areas of research for whole proteome 

characterization. I am confident that as current proteomics tools are improved the role of 

protein modification in cellular toxicity will be discerned. 
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